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1. INTRODUCTION

• The use of pulse sounding as an experimental technique in

the investigation of the ionosphere can be traced back to Breit

and Tuve (1926). These authors invented such a technique to

prove the existence of the ionosphere . Modern reviews of these

early endeavors can be found in Waynick (1974) and Booker (1974).

The improved electronic technology after the Second World War

stimulated interest in the possibili ty of computing the electron

density profiles from pulse sounding da ta whose carrier frequency

was swept. While the major emphasis has been towards inverting

the vertical sounding data for electron density profiles , there

have also been sporadic attempts to devise techniques of obtaining

ionospheric structure from oblique sounding data. Our work , re-

ported here , is concerned with this later problem.

Mathematically, the group delay measured experimentally is

a nonlinear functional of the electron density profile . As such

this is very difficult to solve. Fortunately , for vertical inci-

dence case with the geomagnetic field ignored , the integral can

be cast in the form of a convolution integral known as Abel’s

integral equation which can then be solved, for example , by

Laplace transform (Manning, 1947). Once the geomagnetic field

effect is introduced or when the propagation path becomes obli-

que , the convolution integral property is destroyed. The problem

becomes much more difficult. The methods that have been devised

in the literature are almost all numerical. Ours is no exception .

In this connection , the capability of homing the ray at a specified

~~ii~~~ è-~~~~~~~~~~-~~~~~~~ ‘~~~~~ ~~~~~~~~~~~~~~~~~ 
_____ -. ________ _____



2

location with specified tolerance must be established first.

This is the subject of Chapter 2. In ray homing we are interested

in three configurations : ground—to-ground homing via a reflection

from the ionosphere , ground—to—satellite homing via transmission

through the ionosphere and satellite—to-ground homing also via

transmission through the ionosphere. In each case , the homing

is achieved through an iterative procedure whereby the ray lands

at a point successively closer to the given location . Several

examples are also given to illustrate the method used. The inver-

sion of backscatter ionograms utilizes the values of the minimum

group path computed for a given ionospheric profile. It is

therefore desirable to have the capability of computing the mini-

mum group path. A chopping method is used to achieve this and

two examples are given to illustrate the procedure involved. In

order to achieve these capabilities , the Air Force supplied three-

dimensional ray tracing program and the associated electron den-

sity model are augmented by seven subroutines. These subroutines

are fully described and documented with computer listings .

• The major objective of this research is to investigate

methods whereby oblique radio propagation data can be used to

obtain ionospheric profiles. This is contained in Chapter 3.

There exist in practice two kinds of oblique propagation data:

point—to-point oblique ionograms and backscatter leading edges.

The nature of these data and their intuitive limitations are

discussed in section 3.1. In many ionospheric propagation

studies, the quasi—parabolic layer has been found to give ade-

: quate accuracy . Further, such a layer has a relatively small

number of parameters (3, consisting of critical frequency , base

- ~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~ • • .• • . - . ,.• ~~~• - - -
-

~~~~~~
.
•
~~
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~~~
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3

height of the ionosphere and the semi—thickness) and , in many

cases, the desired expressions can be evaluated analytically.

For this reason our inversion is based on finding the optimum

quasi—parabolic layer that fits the given data within a toler-

able error. After some discussion of the nature and properties

of the quasi—parabolic layer in section 3.2 , we go directly to

the inversion problem. The inversion of a point—to-point oblique

ionogram is discussed first (section 3.3) , which is then followed

by a discussion of backscatter leading edge (section 3.4). The

results are given in terms of graphs and tables . In addition to

approaches discussed in 3.3 and 3.4, we have also looked into

the inversion problem from general considerations (section 3.5

and Appendix 4). This inversion method makes use of the Backus-

Gilbert technique and seems to be very promising. Finally ,

the report is concluded in Chapter 4 with recommendations for

future research.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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2. HOMING OF THE RAY

2.1 Introduction

Homing of the ray is the main objective of this chapter.

Our study deals with the modification of the three dimensional

ray tracing program to incorporate the homing features for ground-

to-ground, ground-to-satellite , and satellite-to-ground propaga-

tion .

Homing of the ray to the required location can be obtained

through an iterative procedure by homing f i r s t  to the ground dis-

tance for a fixed value of the azimuthal angle . If the ground

distance homing is successful the azimuthal angle of the trans-

mitted ray is then corre cted next. This type of iteration re-

quires back and forth transfer from homing in ground distance to

homing in azimuthal angle. The iteration stops when the errors

are smaller than the prescribed values.

For each of the three configurations studied we present a

detailed development of the technique applied to achieve homing

of the ray together with some examples. Diff icul t ies  encountered

during the course of the study are also pointed out. In section

2 .2  we discuss the ground-to-ground homing procedure for a single

and multiple layer ionosphere. The ground-to-satellite and satei-

• .lite—to-ground configurations together with examples to illustrate

the homing technique are presented in section 2.3. In section

2.4 we discuss the chopping method utilized in finding the minimum

group path for a given transmitter location , azimuthal angle,

and oblique frequency. A listing of the computer programs devel-

oped under this study together with their description is included

in sectio~ 2.5. Finally , in section 2.6 we discuss the current



accomplishment s and outline suggestions towards future improvement

and possible addi t ions to the three dimensional ray tracing program.

2 . 2  Ground-to-Ground Homing

The ground-to-ground homing is the most involved configura-

tion of the homing study . Given the transmitter and receiver

coordinates on the Earth’s surface , the electron density profile ,

the oblique transmission frequency we find an initial approximate

elevation angle that will home the ray to the receiver via reflec-

tion from the ionosphere. This approximate elevation angle is

then used as an initial input for the f inal  homing of the ray

through the three dimensional ray tracing computer program.

2 .2 . 1  General Description

It is well known that for a given single—layer ionosphere

and a given radio frequency the one—hop ground distance , D, as

a function of elevation angle , 8, has the depen dence sketched in

Figure 2.1. Several features of this figure are worth noting.

Due to spherical geometry, the ground distance has some finite

value, D0, even when the elevation angle is zero. As the eleva-

tion angle increases, the ground distance decreases to a minimum

value D
~ 

at This is the skip distance and consequently the

use of subscript s on all quantities related to the skip ray.

For 8 > the ground distance incre ases again and approaches to

infinity at 8 = at which the ray becomes trapped. A figure

such as Figure 2.1 suggests the following three possibilities:

i) For D<D5 the observer is in the shadow region and no

ray can reach the observer via reflection from the

ionosphere.

2 ~~~~•: 
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ELEVATION ANGLE (DEGREES)
Figure 2.1. Idealized sketch showing the nature of ground distance

dependence on the elevation angle of once reflected ray
from a single layer ionosphere.
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7

ii) For D0<D<D5 the observer is in the illuminated region

within which a low ray and a high ray (Pedersen ray)

can reach the observer.

iii) For D>D0 the low ray is cut off by the earth shadow

and only the high ray can reach the observer. Generally,

the high ~ay with an elevation angle 8 near is very

much de-focussed and is very sensitive to elevation

angles and small changes in the ionospheric model.

Based upon the above observations, we outline the procedure

to obtain an approximate homing elevation angle. This approxi-

mate angle is then refined through utilization of the three di-

mensional ray tracing program.

The given ionosphere at the midpoint of the transmitter and

receiver is approximated by segments of a second degree polynom-

ial which for the ~th segment has the form 
V

N .  ( r)  = a. + b.  + g. r. < r < r .  (2 .1 )
1 1 1 1 i—l — — 1

~~~~

The coefficients are chosen by f i t t ing to the given ionospheric

model and making sure that both the density and its derivatives

are continuous in going from segment to segment. Using the elec-

tron density profile given by (2.1) we find analytic expressions

for the ground distance (range ) D and the virtual path ( group

path) P’. Since the trapped rays are known to have ray apogee

slightly be low the peak of the layer and since the hi gh ray s are

• very sensitive near 
~~ 

we let the ray apogee occur at the ionospheric

peak as an approximation and find the penetration angle In

general so found is slightly less than Then , from the range

I____
~____ _ __ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • : . -. ~~~~~~~~~~ 
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of elevation angles we calculate the corresponding ground dis-

tances and group paths through the analytical expressions , thus

generating a table of elevation angles versus ground distance

and group path . The ground distance be tween the transmitter and

receiver is compared with the tabulated ground distances. If

D<D5 there is no solution ; if D=D5 there is possibly one solu-

tion; if D
~
<D<D there are two solutions; and D>DQ there is one

solution . The solutions , if they exist, are found by linear

interpolation . Once the solutions are found, the approximate

elevation angles serve as the initial input in the ray tracing

program to eventually home the ray .

2 . 2 . 2  Approximate Elevation Angle-Single Layer Ionosphe re

The geometry of the ground-to-ground homing problem is shown

in Figure 2.2. We assume that the transmitter and receiver co-

ordinates are given in geographic east longitude and north lati-

tude. The ground distance, DTR I between the transmitter and re-

ceiver is given by

DTR = r0y (2.2)

where r0 is the earth radius in km and y is the angle subtended

at the earth center between the transmitter and re ceiver. Apply-

ing the cosine law of spherical trigonometry to Figure 2.3 , angle

u s

y = cos~~ [cos 0 T COS °R + S]• fl 0 T sin 
~~ 

cos

(2.3)

where 0T’ 0R are the colatitudes, ~T’ ~R 
are the longitudes of

•

~

• •

~

‘

~

-. ,4 • • . ~~~~~~~~~~~~~ .~~~~~~~~~~~~ - . . ‘ : 
.

~~~~
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EARTH RADIUS

I

C EARTH CENTER

Figure 2.2. Sketch showing the geometry of the reflected ray.
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I c
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Figure 2.3. Earth geometry for finding the coordinates of the midpoint.
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• the transmitter and receiver respectively. The coordinates of

the midpoint between the transmitter and receiver are then found

through the appl ication of the sine an d cosine laws of spherical

trigonometry to Figure 2.3. From Figure 2.3, the azimuthal angle

of the re ceiver as viewed from the transmi tter is

— l
= sin [sin ~~~~~~ sin sin ‘y ] ( 2 . 4 )

The cola titude of the mi dpoint , M , is

• 0M = cos 1 [cos 0T cos ~y’ + S~~~ fl 0T sin ‘y’ cos c t ]
2 2

(2.5)

The relative longitude of the midpoint M with respect to the

transmitter longitude , 
~~M’ 

is given by

• — l •6
~ M 

= sin [sin c~ sin y / sin (2.6)
2

The exact longitude of the midpoin t M is found by adding or

• subtracting the relative longitude 
~~M 

from the transmitter long-

itude 
~T’ 

i.e.

= + (2.7)

If the receiver is located east of the transmitter the positive

• sign is used otherwise the negative sign is applied. The coordi-

nates of the midpoint thus found are compared with the coordinates

of the grid points at which ionospheric models are given . The

profile corresponding to the grid point having the smallest dif-

fe rence in coordinate s is chosen to represent the prof i le  at the

midpoint of the pa th .

•
-

.

-
• 

~~~~~ 
• ‘

~~~~~~~~~~~~~~~ 
•
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V
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The midpoint profile selected in this manner is approximated

by segments of a second degree polynomial which for the ~
th seg-

ment has the form given by (2.1). The coefficients in equation

(2.1) are found by making sure that both the density and its

derivatives are continuous in going from one segment to another.

Each segment value corresponds to the height increment dictated

by the composite ionospheric profile . Utilizing equation (2.1)

we find analytical expressions for the ground distance D and the

group path P ’ . Neglecting the effects of the Earth ‘ S magnetic

f ie ld  and collisions , the ground distance and the gro up path

can be expressed in the form

r r 2 cos 8 dr
D = 2 I~ ( 2 . 8 )

r [r 2
~i

2 —r0
2 cos 2

and r
~

P’ = 2 1 rdr ( 2 . 9 )

J [r2ii 2—r 2 cos280]~
r0

whe re r~ is the radial distance from the Earth cente r to ray

apogee , 8~ is the ray elevation angle , and ~ is the refractive

index of the medium. The re fractive inde x ~ and the plasma f re-

quency f~ are related through

= 1 — (f~/f)
2 (2.10)

Since the density N is proportional to the square of the plasma

frequency , we can substitute (2 .1)  in (2.10 ) to obtain

= 1 — 
~~2 (a 1+b .  ÷ g.) (2.11)

r r 2

~
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Through substitution of (11) in (8) and (9) , the ground distance

and the group path can be written in the form

D = D + >
~ 

D . + D
f (2.12a )

and n
= ~~ 

i— l  ~~ 
+ (2.l2b)

The terms D and P’ in (2.12) are evaluated from the earth sur-

face up to the base of the composite ionospheric profile . The

terms 

~~ 

D~ 
and 

~~
, are evaluated from the base of the com-

pos ite profi le  up to layer n j us t below the layer containing the

reflection hei gh t .  The last terms Df and P~ are the contribu-

tions from the top of the nth layer up to the reflection height

of the ray. Explicitly , the terms in (2.12) are

-l r cos 8
D = 2r [cos ° — 8  1 (2.13a)

= 2r0 EI~~~/r0)
2_c::280

_sin8
0] (2.l3b)

i+l r cos 8 dr
D. = 2 1 i=l ,2 ,. . ., n (2 . l 4 a )
1 [A.r 2+B .r+G .JT

) 1 1 1
r.
1

r~~ 1

P’ = 2 r dr i=1,2,... ,n (2 . l 4 b )
• 1 [A.r 2+B . r+G.]~1 1 1

r.
1

~ 

• -
~~~~~~

-
~~~~~~~~~~~~~~~~

-
~~~ • _
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and r
~ r ‘ cos8 dr

D = 2  V (2.l5a)
kA r2 +B r+Gn n n

r~
P’ = 2 r dr 

1 
(2.15b)

[A r2 +B r+G ]
~~r n n n

n

whe re rb is the base radi us of the composite ionospheric prof i le ,

and

A. = 1 — a
~
/f2

B~ 
= b1/f

2 (2.16)

G. = g./f2—r 2 cos2B1 1 0 0

Analytical expressions for the integrals in (2.14) and (2.15) are

readily available from standard integral tables. The resulting

analytical expressions toge ther wi th  (2 .13 )  are programmed on

the computer under subroutine FITT. Given the elevation angle

the oblique frequency f, and the density profile N , the sub-

• routine FITT calculates the corresponding ground distance and

group path.

• I Since we are seeking all possible homing solutions , we need

to generate a table of ground distances versus elevation angles

corresponding to the midpoint density profi le . Due to the sensi-

t ivity of the trapping angle to changes in the ionospheri c mode l

we take the penetration angle as the maximum elevation angle

possible . The penetration angle is the solution of the equa-

tion
S

Ii..! 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -VV------ -— _

~~~~~~~~~~~~~ •~~~~~ _ _
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• ri~ax ~~2 — r 2cos~~8 = 0 (2.17)

Therefore , is given by

= cos~~~
( 

ax [1 - (
f

c/ f )
2

] 2)  (2.18)

• and the range of elevation angles is

• 0 < 8 8 (2.19)

The interval in (2.19 ) is subdivided into 50 subintervals of

elevation angles. For each of the resulting 51 elevation angles

the ground distance and the group path are computed through sub-

routine FITT. The generated values of ground distance and group

path together with their corresponding elevation angles are

assembled in a table. The table is then scanned to locate the

two successive entries within which the ground distance between

the transmitter and receiver is located. For each pair of entries

thus found we perform linear interpolation to locate a possible

homing solution within a specified tolerance. We assume that

the ground distance and the elevation angle within the two entries

are linearly related through

D = a + b8 (2.20)

Starting with the two entries of ground distances and their cor-

responding elevation angles the coefficients a and b are found

and a new elevation angle and ground distance are computed. A

comparison test is then carried out between the new ground dis-

tance and the exact ground distance , DTR. If the difference is

~ 

‘
~ ~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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_
~.i: ’: 1



16

la rger than the specified ground distance tolerance , 6D , then the

procedure of calculating the coefficients in (2.20) utilizing

the two closest values of ground distances to DTR and their cor-

responding elevation angles is repeated until D
~
DTR SD.

The number of interpolations is limited to ten (10) trials for

finding the approximate elevation angle , otherwise homing of the

ray is sai d to be not possible . The specified ground distance

tolerance , 6D , is an input parameter in W(387) of the ray tracing

program.

Every possible homing solution of elevation angles is

assembled in a table. Then, through the three-di mensional ray

tracing program these elevation angles are ref ined to obtain the

corresponding true elevation angles that will home the ray. In

some cases true elevation angles are not possible . In either

situation a message i•s printed to show whether or not a homing

solution has been achieved. The complete procedure described in

this section is simulated on the computer under subroutine HOME .

2.2.3 Approximate Elevation Angle - Multiple Layer Ionosphere

In a single layer ionosphere there are at most two approxi-

mate initial elevation angles , one for the low ray and the other

fo r the high ray . In a multiple layer ionosphere , the number of

approximate initial elevation angles depends upon the number of

layers in the given ionospheric profile . The approximate eleva-

tion angle solutions are designated by f i rst layer low or hi gh

ray , second layer low or hi gh ray , third layer low or high ray ,

and fourth layer low or hi gh ray . In our study we selected four

as the highest number of layers. This restriction could be removed

L!. ~~~~~~~~~ :~~ 
~~~~~~~
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with minor modifications on the computer code in subroutine HOME .

Whether the given ionospheric profile is single or a multi-

layered one , the procedure of finding the approximate elevation

angle is the same as the one described in section 2.2.2. The

computer code does not differentiate between single and multi-

layered profiles and it is written for a four-layered ionosphere .

A sample of the ground distance versus elevation angle curve for

a four—layered ionosphere is shown in Figure 2.4.

2.2.4 Refinement of the Elevation Angle

Thus far we have discussed the computation of the approximate

elevation angles. In this section we focus our attention on the

proredure to refine these approximate elevation angles through

actual ray tracing.

Let the exact ground distance between the transmitter and

receiver be DTR. Then starting with one of the tabulated approx-

imate elevation angles , 8l~ 
we trace one ray through the given

ionospheric model utilizing the three dimensional ray tracing

program. The ground distance corresponding to 81 is D1. Utiliz-

ing the table of ground distances and elevation angles generated

in the previous section we increment or decrement elevation angle

81. The value and sign of the increment depends on the relative

location of D1 with respect to DTR in the ground distance versus

elevation angle table . With the new elevation angle 8 2 we corn-

pute D2 through the ray tracing program. The ground distance,

DTR, mus t then be located ei ther above D1 and D2 ,  below D1 and D2 ,

or in be tween D1 and D2 . For the cases where DTR is above or

below D1 and D2 the elevation ang les and their corresponding ground

~~~ ~~ ~ _
4 •~±~~‘L •~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 2.4. Sketch showing the ground distance - elevation angle
curve for a four—layer ionosphere.
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distance s are adjusted through linear interpolation in accordance

with equation (2.20) until DTR is either located between D1 and

D2 or such a condition cannot be achieved. In the latter situa-

tion the elevation angle foun d through (2.20) lies outside the

range of elevation angles set for the ray in a multiple layer

ionosphere. In the event that DTR cannot be located between D1
and D2, homing of the ray cannot be accomplished and one of the

statements ‘High angle ray ’ or ‘Discontinuity in the ray traced

range — Beta curve or range too close to the skip distance’ is

printed from subroutine ADJUST.

Let us assume that we can locate DTR between D1 and D2 then

we can f ind 
~~ 

through linear interpolation on 
~~ 

D1, 82 and D2.

With we calculate a new ground distance D 3. If the di f fere n ce

between DTR and D 3 is less than a specified ground distan ce tole r-

ance , then 8 3 is the desire d homing elevation angle except for

a zimuthal  angle corrections. The ground distance tolerance , 5D ,

is an input parameter and is speci fied in W ( 3 8 7 ) . Howeve r , if

the difference between DTR and D3 is greater than 6D then we need

to correct for the ground distance discrepancy. Since the depen-

dence of the ground distance on the elevation angle is known to

be nonlinear , we let

D. = a + a 8 .  + a i 1 ,2 ,3 (2.21)
1 0 l i  2 1

The coefficients a0, a1, and a2 are computed by inverting the

matrix resulting from the substitution of ground distances D1,

• D2 ,  D3 and their corresponding elevation angles 81 ? 82? 83. The

• new elevation angle is then given by
S

i1~ ~~~~~~~~~~~~ 
‘
~~~“ - ~~~~~

. -

~~~ 
V



113 = [— a ± /ai —4a (aQ—DTR)] (2.22)

If the quantity under the radical sign in (2.22) is negative ,

then we cannot find an elevation angle and an appropriate message

is printed. Equation (2.22) yields two solutions , 8~ and 8_ .

In order to decide whether 8+ or 8_ is the desired elevation

angle we set up the following criterion. First , we take the

absolute differences between DTR and D1, D2, D3 and the result-

ing three difference values are compared with each other. The

elevation angle 
~1’ 

82? or 83 corresponding to the smallest dif-

ference is then selected. The elevation angles 8+ and 8_ are

then compared with the selected elevation angle . The one yield-

ing the smaller difference is chosen as the new elevation angle • -

i.e. 84=8~ or 84= 3_ . With 84 we trace another ray and find D4.

If the difference between DTR and D4 is within the specified tolerance

6D , then 84 is the homing angle except for possible azimuthal

corrections. However, if the difference between DTR and D4 is the

largest difference then we cannot home the ray and the message

‘Discontinuity in the ray traced range—beta curve or range too

close to the skip distance’ or ‘High angle ray ’ is printed. On

the other hand, if D4 is closer to DTR than any or all of D1, D2,

D3 then the ground distance D1, D2, or D3 yielding the largest

absolute difference with DTR is replaced by D4 and its correspond-

ing elevation angle by 84. The procedure starting with equation

(2.21) is repeated to find a new elevation angle and a new ground

distance. The comparison steps are carried out until the ground

distance tolerance criterion is met or a message is printed. The

number of• allowable tries to find the homing angle is controlled

- - - -
- • 

~~~~~~~
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by an input parameter in W(386).

Once the ground distance tolerance criterion is satisfied

a first order elevation angle that will home the ray to the re-

ceiver is said to be found except for possible azimuthal devia-

tion correction . The azimuthal deviation is defined as the dif-

ference between azimuth of the computed receiving point from the

transmitter and the azimuth of the intended receiving point from

the transmitter. If the azimuthal deviation of the ray is within

the calculated azimuthal tolerance , 5A , the homing of the ray is

completed. Otherwise, the azimuth of transmission has to be cor-

rected in order to satisfy the azimuthal tolerance condition .

The azimuthal tolerance, 5A , is computed with the help of Figure

2.5. In Figure 2.5 , we show the transmitter T, the receiver F,

the compute d receiver R ’ , and the angles u
~

, 
~~~ 

-y
3 
subtended at

the earth center opposite arcs TR, TR ’ , and RR’ or 6D respe ctively .

Applying the cosine law to the spherical triangle TRR ’ we obtain

cos u 3 = cos 
~l 

cos 12+ 51fl 
~l 

sin 
~2 

cos 6A

(2.23)

If we let Il=12=DTR/rO and y 3=5D/r0, then

cos 6A = [cos (~~D/r ) — cos 2 (DTR/r O)]/ sin
2 (D TR/rO )

(2.24)

Since SD is much smaller than r0, the argument of the cosine func-

tion , 5D/r is very small. Expanding this term and retaining two

• terms of the expansion, (2.24) takes the form

1 ~ D 12cos ôA~~~~1 - 2- I
• Lr sin(D /r )

0 TR 0 (2.25) 

~ - -
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Figure 2.5. Sketch illustrating the homing in azimuth.
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Since the azimuthal tolerance SA is also small , we expan d the

l e f t  hand side of (2.25) retaining two terms of t h t -  expans ion .

The r e su l t ing  expression for  ~A is

OA~~ 
SD

- 

r 0 sin (D
TR/r O ) ( 2 . 2 6 )

For each ray homed in ground distan ce a comparison test is pe r-

formed between the ray azimuth and the compute d transmitter-re-

ceiver azimuth . If the ray azimuthal deviation is within the

azimuthal  tolerance SA then hom in g is ach ieve d an d con trol is

transferred to another activi ty within the ray tracing program .

Howeve r , if the ray azimuthal deviation is large r than ~A we

adjus t the az imuth of transmiss ion  by the amount of the ray azi-

muthal deviation .  Wi th a new az imuth  of transmiss ion and the

same elevation angle we repeat the complete procedure of ground

distance homing and find a new homing angle. The ray azimuthal

deviation corresponding to this new homing angle is then com-

pared to the azimuthal tolerance , 6A. The above steps are re-

peated unti l  both ground distance tolerance and a z i m u t h a l  tole r-

ance cr i ter ia  are sa t i s f i ed  or a message is p r i n t e d .

2 . 2 . 5  Group Path Homing

The capabilit ies of the three—dimensional  ray t r a c i n g  p ro-

gram was exten de d to include homing of the group p a t h .  The pro-

cedure described in the ground-to-ground homing case is also used

for the group path homing. The only diffe rence being in the para-

meters supplied to the ray tracing program through the W-array

data input .

“ ~~~~~~~~~~~~~~~~~~~~ 
• . 
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The parameters needed to perform group path homing are the

t ransmit ter coordinates , the azimuthal angle of transmission , the

oblique frequency of transmission and the value of the homed in

group path . The h ome d in group path is supplied through W ( 3 9 4 ) .

In the event that  group path homing is not desired , then W ( 3 9 4 )

should be set 4~~~~ zero . An example of group path homing is dis-

cussed in the next section .

2.2.6 Examples and Discussion

In the preceding section we discussed in detail the techni-

que through which the ground-to-ground homing of the ray is

achieved. In order to illustrate the homing procedure we pre-

sent three examples. The first example is for a single layer

ionosphere , the second example is for a two layered ionosphere ,

and the third example is for group path homing. In all cases the

ray is traced through the Air Force supplied ionospheric model.

This model gives the electron density profile on a geomagnetic

longitude-geomagnetic colatitude gri d spanning from - 130°E to

—llO °E in geomagnetic longitude and 0° to 54° in geomagnetic co-

latitude. The increments in longitude , colat i tude and he igh t are

5°, 3° and 10 km respectively . The base height  in all cases is

90 km extending upward to 600 km. Note that these increments are

very coarse for accurate ray tracing even with careful interpol-

ation routines. This causes some difficulty as discussed later.

Example 1. Single Layer Ionosphere

Let the transmit ter and re ceiver geographic coordinates be

located at (125°W , 78°N) and (l85°W, 56°N) respectively. For this

S

- V — 

• 

V
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conf igura t ion  the ground distan ce DTR = 3 2 9 6 . 5 5  km and the azi-

muthal  angle of transmission is 258.2 degrees. Since the ion-

ospheric profile grid points are given in geomagnetic coordinates

we transform the transmitte r and receiver geographic coordinates

to obtain colati tudes of 10.81658 and 40.06548 degrees and lon-

gitudes of 114.47052 and 128.20226 degrees east. Utilizing equa-

• tions (2.4) , (2.5), and (2.7) the geographic and geomagnetic co-

ordinates of the midpoint are found to be (-169.81 , 69.18) longi-

tude and latitude , (-125.12 , 25.33) longitude and colatitude re-

spectively . A comparison between the geomagnetic coordinates of

the midpoin t and the given ionospheri c p rof i le  results in the

• selection of the density profile located at (-125.0 , 24.0). For

an oblique frequency of transmission of 20 MHz equation (2.18)

yields the penetration angle of 14.236 degrees. Then , the in-

terval of elevation angles from ze ro to 14.236 de grees is divi de d

• into 50 intervals. For each of the 51 resu l t ing  elevation an gles

the ground distance and group path are calculated through equa-

tions ( 2 . 1 3) , ( 2 . 1 4 )  , ( 2 . 1 5)  and (2.16) utilizing the density

prof i le  of the midpoint located at (-125.0 , 2 4 . 0 ) .  The result

of this calculation is shown in Fi gure 2 . 6 .  For the speci f ied

ground distance to lerance of 5 km , f i gure 6 show s that  the ap-

proximate i n i t i a l  elevation angle was found  to be 3.312 degrees.

Fi gure 2 . 7  show s the steps taken in the re f inement  procedure

and the eventual homing of the ray . The top portion of Figure 2.7

• displays the ground distan ce versus elevation angle homing steps.

• The figure shows that the ray is homed in ground distance in the

5th step. However, the bottom portion of the figure also shows

_ _  _ _ _ _
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Figure 2.7. Continuation of the example shown in Fig. 2.6. This

shows the refinement procedure in ground distance and
az~ ni~th homing using 3D ‘ay t~~~~ ng .
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that the azimuthal angle of the ray is not within the calculated

tolerance . Prior  to f i n a l  homing of the ray , there were four

az imu tha l  corrections wi th  no ground distance adjustments  since

for  each az imuth  the ground distance was home d in.

Example 2. Two Laye r Ionosphere

In a single layer ionosphere there are at most two initial

homing elevation angles while in a two layer ionosphere there are

four initial homing angles. Following example 1 we let the trans-

mitter and receiver geographic coordinates be (-l75.0°E , 68.0°N)

and (-150.0°E , 72.0°N ) respectively. The ground distance DTR for

such a configuration is 1039 .36 km and the azimuthal angle of trans-

mission is 53.51 degrees. Upon transformation , the geomagnetic

coordinates of the transmitter and receiver are found to be

(—127.7972 , 27.21986) and (—114.25255 , 19.5317) longitude and

colatitude . The geographic coordinates and the corresponding

geomagnetic coordinates of the midpoint are found to be (-163.72 ,

70.43) longitude and latitude , (-122.09 , 23.22) longitude and

colatitude respectively. The density profile at the midpoint is

then located at (-120.0 , 24.0) longitude and colatitude in the

ionospheric profile. For an oblique transmission frequency of

7 MHz the rays do not penetrate the ionosphere and the penetra-

• tion angle is set to ninety (90) degrees. Upon subdividing the

interval of elevation angles from zero to ninety degrees into 50

intervals , the ground distances and group paths of the resulting

51 values of elevation angles are calculated through subroutine

FITT. The result of this calculation is shown in Figure 2.8.

For a ground distance tolerance SD=2 km Figure 2.8 shows that
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there are 3 approximate initial elevation angles. These eleva-

tion angles are 7.415, 13.093, and 20.566 degrees and they are

desi gnated by A , B , and C respectively. For each of these eleva-

tion angles we use the three dimensional ray tracing program to

refine them. Figure 2.9 displays the ground distance versus

elevation angle in the homing process for A and C. The circled

numbers are the steps taken to obtain the homing angle. Homing

for B cannot be achieved since it corresponds to a high angle

ray. In Figure 2.10 the geomagnetic colatitude versus geomag-

V netic longitude is plotted for A and C. For case A the azimuthal

angle of transmission does not require any correction and the

homing angle is found by linear interpolation on steps 2 and 3

• without recourse to matrix inversion. For case C the azimuthal

angle is corrected twice in order to meet azimuthal tolerance

criterion corresponding to ground distance tolerance of 2 km.

Example 3. Group Path Homing

Using the transmitter geographic coordinates (-150.0 , 78.0)

longitude and latitude , the oblique transmission frequency of

12 MHz , and the azimuthal angle of transmission of 209.4 degrees

we calculated the coordinates of the midpoint and the penetration

angle. The geographic and geomagnetic coordinates of the mid-

point are found to be (-164.97, 66.86) longitude and latitude ,

and (-119.04, 26.59) longitude and colatitude respectively. The

penetration angle is found to be 38.9 degrees. The calculated

ground distances and group paths for the 51 values of elevation

• angles from zero to 38.9 degrees are shown in Figure 2.11. For

the specified group path value of 2654.08 km in W(394) the figure

shows two initial elevation angles for which homing of the group
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HOMING FOR CIRCLE C
o 1120 -
z rno ~~~1

0
1080 -
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1040 - 

•:/  1039.36 km

1000 1 I

20 21 22 23 - 24
ELEVATION ANGLE (DEGREES)

Figure 2.9. Continuation of Example 2 shown in Fig. 2.8 i l l u s t r a t i n g
the ground distance homing for circle A and circle C
using 3D ray tracing.
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path could be achieved.

Figure 2.12 displays the steps in the group path homing

process for both elevation angles of 2.758 and 5.679 degrees.

The upper plot shows that the given group path already lies be-

tween steps 2 and 3. Step 4 is obtained through linear inter-

polation and it coincides with the specified group path. How-

ever, the azimuthal deviation of the ray is not within the cal- 
V

culated azimuthal tolerance. A correction on the azimuthal angle V

of transmission yields step 5. Then , starting with step 5 and using

increments of the previously calculated ground distances and eleva- V

tion angles we arrive at step 6. Since the specified group path

lies between steps 5 and 6 , linear interpolation on them yields

values of step 7 which rr~ets the tolerance criteria and homing

is thus complete for the first layer high angle. In the lower 
V

graph the specified group path is higher than the values of steps

1, 2 , 3, 4 , and 5. Therefore, all the values of steps 1, 2, 4 ,

and 5 are discarded and only values of steps 3 and 6 are retained. V

Linear interpolation on these values yields step 7 which satis-

fies the tolerance criteria and hen ce the desired homing elevation

angle. 
V

The above three examples illustrated successful homing of the

ray. When homing is successful, a diagnostic stating that homing

is achieved is printed together with the homed in parameters.

When homing is not successful , a diagnostic stating that homing

cannot be achieved and the reason why it cannot be homed is printed.

There are several reasons for which rays cannot be homed.

i) high angle rays which are too sensitive to ionospheric V
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Figure 2.12. Continuation of Example 3 illustrating group path homing

for two rays.
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parameters and small increments in elevation angles.

ii) ground distance too close to the skip distance or

discontinuity in the ray traced ground distance vers us

elevation angle curve. These two reasons cannot be

separately distinguished.

i i i)  the specified number of trials exceeded.

Up to this point we are on ly conce rned with  the single hop mode

of propagation . The extension of the ground-to-ground homing to V

the two-hop mode of propagation has been tried and found to be

only partial ly successful . The two hops are assumed to be s imilar

or mixed. Ini t ial ly, the two hops are considered to be similar

and the two sets of ground distance versus elevation angle curves

corresponding to the ionospheric profiles at the two midpoints

are generated. Then , the initial elevation angle required in

the homing procedure is found by searching the two curves for

an elevation angle for which the sum of the two ground distances

is the desired ground distance. This initial elevation angle if

found is used in the same manner as for the single hop case to

carry out the homing. Utilizing the above technique we had success

in homing for a few cases while we encountered difficulties in

the majority of the cases studied. These difficulties may be

attr ibuted to

i) the coarseness of the given ionospheric profi le

i i)  the interpolation procedure in the three-dimensional

ray tracing program

iii) the technique developed for the two hop.

Further study is necessary in order to achieve two-hop homing.
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2.3 Ground-Satellite Homing

When the transmission freq uen cy is much h igher than the

critical frequency of the given ionospheric profile the ray pene-

trates the ionosphere . The geometries of the two possible con-

figurations are shown in Figures 2.13 and 2.14. In Figure 2.13

the transmitter is below the receiver and the configuration is

called gro un d—to—sate l l i t e  homing. The satel l i te-to-ground homing

configurat ion is shown in Figure 2.14 . In either case our objec-

tive is to home the ray to the receiver within a specified ground

distance to le rance and a compute d azimuthal  to le r ance . The follow-

ing discussion is applicable to e i ther  conf igura t ion .

2.3.1 Approximate Elevation Angle

We assume that the transmitter and receiver coordinates are V

given in east longitude and latitude north in degrees and their

he ights above the earth sur face  in km. Then , to a f i r s t  approx-

imation we calculate the i n it i a l  or approximate elevation angle

for a straight line path between the transmit te r and re ce iver.

Let 0T’ 0R’ ~T’ ~R be the t ransmit ter and receiver colat—

itudes and longitude s respectively . Comp ute the cartesian co-

ordinates of the transmitte r and receiver through the tran sfor-

mation V

x = r sin 8 cos~~

y = r sin 0 sin ~

z = r cos 0 (2.27)

where r=r0+h and h is the he igh t of the transmitter  or receiver

above the earth surface. From Figures 2.13 and 2.14, the vectors
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Figure 2.13. Sketch showing the geometry of ground-satellite homing.
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-+
CT and CR are given by

CT = XTi+yT~
+Z

~~ 
(2.28)

XR
1+yRJ+ZRk

Then the ground distance DTR between the transmitter and receiver

can be found either through the use of the cosine law equation

(2.3) or by taking the dot product of the vectors in (2.28), i.e.

y cos_1[ E~ .
ICT I CR1 (2.29)

The ground dis tance DTR projected at the transmitter radius is

given by

DTR = (r
O+hT)~ 

(2.30)

In order to find the elevation angle , we define the straight

line path by the vector

-~ —* —~TR = CR - CT (2.31)

Applying the cosine law of plane trigonometry to triangle CTR ,

angle CTR is found to be

~ CTR = cos [(I~~~I 2 + I c ~ I 2 ) I ~~~I 2 )/2 j~~~I I~~I]
( 2 .  32)

and the approximate elevation angle is given by

~~= )~~CTR— 1T /2 (2.33)

In the ground—to—satellite case 8 is positive while in the satel-

lite-to-ground case 8 is negative . The above procedure is pro-

- 
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gramme d in sub rout ine  HOMES.

2 . 3 . 2  Re f inemen t  of the Eleva t ion  Angle

In section 2 . 2 . 3  we presente d in de ta i l  the steps used to

re f ine  the approximate elevation angle for  the ground- to-ground

conf igu ra t ion. The re f inement  of the elevat ion angle for  both

the ground- to-sa te l l i t e  and s a t e l l i t e - to -g round  is bas ica l ly the

same as tha t  of the ground-to-ground case except for  the i n i t i a l

e levat ion angle increment .  The compute r code of ADJUS T is used

for all three conf igura t ions .  The i n i t i a l  elevation angle incre-

men t is only used on ce upon entry into routine ADJUST.

S t a r t i ng  wi th  the know n value 8i=
~ 

of the approximate s t ra ight

line path  be tween the t ransmit ter  and re ceive r we trace one ray

and obtain the ground distance D1. In orde r to f i n d  a new eleva-

tion angle 82 we assume a plane ea r th  geometry and consider the

equivalent  t r i angle TRA in Figure2.l5 . In this f igure , T is the

transmit ter , R is the equivalent receiver, which , when a perpen-

dicular line is droppe d on RC from T , is a distance D km away and

which is h km above the foot of the perpendicular point A as shown

in ~~gure 2.15 . From tr iangle TRA , the approximate e levat ion angle

~ is given by

tan 8 = h/D 
- 

(2.34)

Di f f e ren tiating both side s of the equa tion and solving for the

approximate i n i t i a l  increment in B we obtain the relation

V ‘SB sin B cos B SD/D (2.35)

whe re B=3 l~ ‘S D=DTR
_Dl, and D=DTR . Then , with an elevation angle

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~



- -, VV_~~~~~~~~ _~~~~~~~
_ _ V  

~~~~~~~~~~~~~~~~~~~~~~~~~~

42

R RECEIVER

h

TRANSMITTER D

to

EARTH RADIUS

C EARTH CENTER

Figure  2 .15 .  Ear th  geometry for  f i n d i n g  the optical  e levation  ang le.
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we proceed in the same manner as that described in sec-

tion 2 . 2 . 3  to f i nd  the true homing elevation angle .

V 2.3.3 Examples and Discussion

In orde r to illustrate our homing technique we present two

examples , one for  ground—to—sate l l i te  and the other for  the sate l-

lite-to-ground case. In both examples we studied the homing tech-

nique for the different oblique frequencies. The initial eleva-

tion angle is independent of the frequency of transmission. Since

the straight line path approximation approaches the true path for

high frequencies we expect the in i t i a l  elevation angle to be ve ry

close to the true homing elevation angle .

Example 1. Ground-to-satellite.

Let the transmitter and receiver geographic coordinates be

(—165.0 , 72.0) and (—170.0 , 56.0) longitude and latitude respec-

tively. Also , let the transmitter arid receiver heights above the

earth surface be 0.0 and 560.0 km respectively. Then , for such

a configuration the ground distance at the transmitter radius is V

1793.97 km , the azimuthal angle of transmission is 190.1 degrees ,

and the in i t ia l  approximate elevation angle is 8 . 4 7 5 .  The obli-

que transmission frequencies considered for this example were

90 , 170, and 250 MHz. For each of these frequencies and starting

with an elevation angle of 8.475 degrees we utilize the ray trac-

ing program through subroutine ADJUST. The result of the calcu-

lation is presented in Figure 2.16 . From Figure 2.16 we note

V that as the frequency gets higher the n umber of steps needed to

achieve homing decreases. We also note that neither matrix
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V inversion nor linear interpolation is needed to achieve homing

for all three frequencies. In Figure 2.17 the geomagnetic co-

latitude is plotted versus the geomagnetic longitude to show the

homing steps for the three frequencies. For all frequencies the

figure shows that no azimuthal correction is needed.

Example 2. Satellite-to-ground

For this example we let the transmitter and receiver be

located at (—150.0 , 78.0) and (—165.0 , 60.0) longitude and lat-

itude respectively. We also let the transmitter and receiver

heights above the earth surface be at 550 and 0.0 km. For

these geographic coordinates the ground distance at the trans-

mitter radius is 2251.96 km , the azimuthal angle of transmission

is 203.87 degrees , and the initial approximate elevation angle

is -23.472 degrees. For each of the oblique frequencies 70 ,

140, and 210 MHz we used routine ADJUST to find the homing ele-

vation angle . Fi gure 2.18 shows the ground di s tance ve rsus the

elevation for all frequencies together with the number of steps

neede d to achieve homing. for the 70 and 140 MHz it takes 4

steps while for 210 MHz only 3 steps are needed. One linear

interpolation and one matrix inversion are required for the 70

and 140 MHz while one linear interpolation is carried out for  V

210 MHz. Figure 2.19 displays the geomagnetic colatitude versus

geomagnetic longitude for the three frequencies. This figure

shows the n umber of steps along the azimuth of transmission for

each frequen cy . Homing for all frequencies is achieved wi thou t

azimuthal corrections.
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2.4 Minimum Group Path

The technique of backscatter ionogram inversion utilizes

the values of the minimum group path computed for the given ionos-

pheric profile. Therefore , it  is ne cessary to exten d the ray

tracing program to include the numerical computation of the mini-

mum group path. The complete method is documented in subroutine

GROUP M.

2.4.1 The Chopping Method

We assume that  the transmitter location , the ionospheric

mode l , the oblique transmission frequency , and the az imu tha l

angle are given. In addition , the minimum group path tolerance

6P ’  is also specified.  At the present , the minimum group path

tolerance is internally specified with a value of 1 km. With

the known t ransmit ter coordinate s we can select the closest

ionospheric mode l and f ind an approximate penetration ang le

This approximate angle is found through equation (18) . U t i l i z i n g

the ray tracing program and the given ionosphere we correct the

approximate penetration angle until 81 is jus t below the penet ra—

tion condition . Since B~ is approximate we could encounter two 
V

main possibilities; either B~ is larger or smaller than the true V

penetration angle. Very seldom B
~ 

will be equal to the true pene-

tration angle and this situation is include d in the cases where

is larger or smaller. For the case where B
~ 

is larger than

the true penetration angle we successively decrement by one

percent i.e. 8P~
=°
~
998Pj l’ i=l ,2 ,3,... , and obtain 81 just below

While in the case where B~ is smaller we successively incre- V

ment by five percent i.e. B =1.058 , i=l ,2 ,3 , . . .  unti l thepi

~~~~~~~~~~~~~~~ V.~~~~ V • V
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ray penetrates the ionosphere and then we successively decrement

by one percent and obtain 8 1 jus t below

Associated with 81 is a group path P1
1 . In order to locate

the minimum group path we need three points along the group path

versus elevation angle curve . The general behavior of this curve

is shown in Figure 2.20. Define 82 and 13 3 
as nine ty f ive ( 9 5 )

and ninety (90) percent of 81 and generate their corresponding

group path values P~ and P~ through ray tracing. A comparison

test is then performed on P~~, P~ , and P~~. If P1>P
~
>P
~ 

as in

Figure 2.21a we discard and P~ , shift indices backward and

calculate a new 83 equal to ninety five (95) percent of the old

8 3. With the new 8 3 we generate a new group path P~~. On the

other hand , if P~ <P~ <P~ as in Figure 2.2 1b we discard 8 3 and

P~ , shift indices forward and calculate a new 81 equal to 105

percent of the old 81. With this new 81 we generate a new group

path P~ . In either case we repeat the comparison tests on Pj, P~~,

and P~ un t i l  the con di tion P~~>P~ and P~~>P~ is sa t i s f i ed .

Let us assume that we f ina l ly  arrive at the s i tua t ion  de-

picted in Figure 2.2lc where the condition P’ >P~ and P~ >P~ is

satisfied. Then, in order to decide whether the minimum group path 
V V

has been found or not we consider the following steps ; 
V

Step 1. Utilizing the chopping technique we take 84 and 8 5
at the mid point of the intervals 

~l’ ~2 
and 82? 83

respectively. Tracing two rays with 84 and we

obtain two group paths P~ and P~ .

Step 2. If lP~ —P~~I>oP’ then we transfer to actions taken

in step 3; otherwise , we have arrived at the mini-

mum group path and a decision is made to select the

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 2.20. Sketch showing the general behavior of group path versus
elevation angle curve.
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P
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1

P2
1 (0 )

P 1

1 _
/~r n /~3 /32 / 3 ,

I

(b)

/33 /~2 /~~t / ~~m

_ _ _ _ _ _ _ _  

(c )

_ _ _  I i

/33 1~m 1~2
ELEVATION ANGLE V

Figure 2.21. Sketch illustrating three possibilities for purpose of
finding the minimum group path ray .
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smal les t  of P~~, P~~, an d P~~.

Step 3. If P~,>P~ then we concentrate on actions taken in

V step 4. For P~~<P~~, the interval given by P~~>P~

and P~~>P~ is our mai n conce rn . In th is in terval

we replace the value s of 8~~, 82 ?  P~~, P~ by the

values 
~2 ’ 135? P~~, P~ respectively and s ta r t  ove r

from step 1.

Step 4 .  If jP~~—P~~~>’SP’ then we transfer to actions taken

in ste p 5. Otherwise , we have arrived at the mini-

mum group path and a decision is made to select the

smaller of P~ and P~~.

Step 5. If P~~>P~ then we concentrate on the inte rval given

by P~~>P~ and P~~>P~ and replace the values of 13k ,  8 3?

P
~~

, P~ by the values 13 5 ?  13 4 ?  ~~~ P~ respectively.

Otherwise , o~~ main concern is the interval  given

by P~~>P~ and P~~>P~~. In this interval we replace

the value s 
~2 ’  13 3. P~~, P~ by the values 1341 

~2 ’
P~~, P~ respective ly . In either case we transfer

to step 1 and s t a r t  ove r again .

V 
On ce the minimum gro up path is fo un d , con tro l is trans ferre d

V 

to the main program to perform a prescheduled acitivity in accor—

dance wi th  the input  data through the W array .

2.4.2 Examples

In orde r to i l lus t ra te  the te chnique of f ind ing  the minimum

group path we present two examples. Both examples are derived

from the same t ransmit ter location at -175 and 40 degrees geo-

graphic lon gitude and latitude respectively. In the first example

the azimuthal angle of transmission is 330 degrees and the oblique

L!. -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —  
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frequency of transmission is 12 MHz , wh i le in the second example

the azimuthal  angle and the oblique freq :~~ricy are 308 deg ree s and

10 MHz respectively.

Example 1.

For an oblique frequency of 12 MHz the penetration angle

from equation (2.18) is found to be 52.91 degrees. Starting

with 
~l

52.9 we generate the group path P~ through ray tracing .

Following the discussion in section 2.4.1 we take 95 and 90 pe r-

cent of 
~l 

and define them as 82 and 83. The values of 
~2 

and V

83 then are given by 50.26 and 4 7 . 6 2  degrees. The corresponding V

group path values P~ and P~ are found to be 1077 .37  and 1022.81

km. Since P’ >P’ >P ’ we discard 13 and P’  and s h i f t  the indices1 2 3 1 1
backward to obtain 131

=50.26 , P~ =l077.37, 132
47.62 and P~ =l022.8l.

Taking 95% of 47.62 degrees we generate 83=45.24 and its corres-

ponding group path P~ =995.  86. From the values thus known we

still have P~~>P~~>P~~. Discarding 8~ and 

~I’ 
taking 95% of 4 5 . 2 4

degrees we obtain the fol lowing three sets of values , ~~ = 4 7 . 6 2 ,

P~ =1022.8l~ 132=45.24 , P~=995.86 , 83=42.98? P~ =98l.ll. Si n ce the 
V

condition Pj >P~~>P~ is still satisifed we carry out the same opera-

tions as above and arrive at the values 81=45.25 , Pj~~995.86 , 82 
V

4 2 . 9 8 , P~ =98 l .l l , 8 3= 4 0 . 8 3 ? P~ =9 73 .56 .  Comparison of the group

path values reveal that  P~~>P~~>P~ is the prevailing condition . V

Therefore , the next set of values are Bl 42.98, P~r~98l.1l , 
~2

4 0 . 8 3 , P~ = 9 7 3 . 5 6 , 8 3=38. 79 ? P~ = 9 7 3 . l 7 .  Since the con dit ion

is satisifed we carry out the calculations once more

and arrive at the situation given by the values B i= 4 0 . 83 , Pj=

973 .56 , 132 38. 79 , P~ =9 73.17 , 8 3 36 . 85 ? P~ r~9 7 6 . 8 7. An examina t ion

~~~V: V V ~~~~~~
V
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V 

of the group path value s showsthat  the condi t ion  P~~ V-’P~~ and

is s a t i s f i e d .  Following t~ chopp ing  method steps we f i n d  and

at  the midpoin t of the in te rv als 
~l ’ 2 ’  and 

~2 ’  ~ 3l respec-

ti ve ly . With  the value s of 8 4 = 3 9 . 8 1  and ~5= 3 7 . 82  we f i n d  the

group path value s P~ = 9 7 2 . 6 0  and P~ = 9 7 4 . 0 7 .  Goi ng to step 2 of

the choppi ng method we f ind  t ha t  P~~—P~~f > 6P ’ =l .  Therefore , we

find the minimu m group path , i t  is e i ther  P~~, P~ or whicheve r

is the smallest .  In this case the min im um group path  is given

by P~ = 9 7 2 . 6 0  and the elevation ang le is 13 4=39 .81 .  Fi g ure 2 . 2 2

shows the g ro up path versus elevation angle for  the values gen-

erated unde r this example . The test sequence and indices  s h i f t -

ing is a lso displaye d on the graph .

Examp le 2.

In this example we use an az imutha l  ang le of 308 deg rees

and an ob l iq ue fre q uency of 10 MHz.  The resu it  of the calcula-

tion , testing and the value of the minimum group path are dis-

played in Figure 2 . 2 3 .  The circled numbe rs beside each po in t  is

the sequence calculation number. The table in the figure presents

the seque n ce of operations performe d before converging on the

minimum group path value . In this example also the chopping te ch-

nique is applied only once to achieve the f i n a l  result .

2 . 5  Computer Programs

During the course of the study we augmented the 3D ray

tracing program with six subroutines. They are discussed in

the following.

2.5.1 General Description

For each of these subprograms we will be presenting

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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AZIMUTHAL ANGLE 330 DEGREES
OBLIQUE FREQUENCY 12 MHz
GROUP PATH TOLERANCE I km

200

1 100

I
I-
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0

1000

11 1 1 1  1 PROCEDURE
V /3 $~ /3 —START

$3 $2 /3 SHIFT INDICES
V ~3 ~ 2 /3

V 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

/3 $~ ~~ 
CONDITION SATISFIED

900 
3
/35 

2/34 CHOPPING METHOD
$4 MINIMUM GROUP PATH

I I I I

35 40 45 50 55

ELEVATION ANGLE (DEGREES)

Figure 2.22. Example illustrating the steps in f ind ing  the minimum
group path ray in a group path versus elevation angle
plot. Note the index shifting, equal chopping and final
location of the minimum group path to within the tolerance . 
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a description of their main purpose and the functions they perform .

Prior to describing the subprograms we present a list of the

controls needed to successfully run the three dimensional ray

tracing program for the homing cases and the minimum group path

calculation . These controls are either internal or external al-

locations in the already existing W-array input data. The inter-

nal allocations are equivalence statements in the subprograms

and there is no need to specify them. The external  allocations

are specified by the user in the input data of the W-array . The

internal and external allocations of the W-array are :

W Description Internal (In)
Exte rnal (E x )

371 Control used for penetration conditions (In)

372 Geomagnetic colatitude of the ray (In)

V 373 Geomagnetic longitude of the ray (In)

374 Local azimuthal  deviation of the ray ( I n )

375 Radial distance to the transmitter ( I n )

376 ALPHA (In)

377 THO , geomagnetic colatitude of t ransmitter  ( I n )

378 PHO , goemagnetic longitude of transmitter ( I n )

V 379 Azimuthal deviation of the ray at the (In)
transmitter

0 regular ray tracing

1 ground-to-ground homing
380 (E x)

2 ground-to—satellite or satell i te-to—ground
homing

V 3 minimum group path

381 Geographic East longitude of receiver in (Ex)
degrees

382 Geographic latitude north of receiver in (Ex )
degrees



- V ~~~~~~~~~~~~~~~~~~~~~ VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

59

383 He igh t  of the ray above the earth surface (In)

384 Ground distance computed in PRINTR (In)

385 Ground distance computed from the geometry ( I n )
of the p roblem

386 Maximum n umber of i terations for f ind ing  (Ex)
the approximate elevation angle

387 The tolerance allowed be tween the ground (Ex )
distance in W(385) and calculated ground
distance

389 Penetration angle used in homing (In)

390 Hei ght of the bottom of the ionosphere (Ex)
above earth

391 Maximum hei ght  of the ionosphere above ear th  (Ex )

0 u t i l izes the given ionosphe ric pro f i l e
393 (Ex )

1 generates a new ionospheric profile based
upon the given quasi-parabolic paramete rs

39 4 Value of the group path used in the gro up (Ex )
path homing

Subroutine HOME

Purpose :

The HOME subroutine calculates the in i t ia l  approximate ele-

vation angle in the ground-to-ground homing for  the ground distance

V and the group path .

Description:

The HOME routine calculates several parame te rs and generates

tables prior to ob taining the f ina l  result  of in i t i a l  approximate

elevation angles. The azimuthal angle of transmission and the

V exact gro un d distan ce are computed f rom the given transmitter

and receiver coordinates. The midpoint between the transmitter

V and rece iver is found and the electron density profile at this

midpoint is extracted from the given ionospheric profile . With

ø 1uflFrusnsuhs~~~~~~~~~~~ 1mulr1IfT~~~m I
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the cr i t ical frequency of the midpoint  p ro f i l e  and the given

oblique frequency of transmission the penetration angle is com-

puted from equation (2.18). Then, the elevation angle inte rval

f rom ze ro to this penetration angle is subdivided in to  50 inte r-

vals thus generating 51 value s of elevation angles. For each

value of elevation angle in the interval a ground distance and

a group path value are calculated from the analytical expres-

V sions for a quasi-parabolic density profile. These analytical

expressions are programmed in sub routine FI TT. Through this pro-

cedure a table of elevation angles , ground distances , and group

paths is assembled.

The exact ground distance is then compared to the ground dis-

tance values in the table. If the exact ground distance is lower

or hi gher than the groun d distances in the table , th en no approx-

imate elevation angles can be found.  Howeve r , if  the exact ground

distance is locate d be tween two ground distances in the table ,

we interpolate linearly to find an approximate elevation angle.

Since there might be more than one homing solution we scan through

the table and locate all possible elevation angles.

The HOME subroutine is capable of storing approximate ele-

vation angles for a four layered ionosphere. In addition , this

subroutine has been mainly written for the single hop mode of

propagation . The two hop mixed mode of propagation is already

included as described in section 2.2.6.

Subroutine HOMES

Purpose :

The H OME S subroutine calculates the init ial  approxima te e le-

~~~~ V 
~~ V V V
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vation angle for a s t ra ight line path in the g r o u n d - t o - s a t e l l i t e

and the s a t e l l i t e—to-g round  c o n f i g u r a t i o n s .

Descr ip t ion :

Given the t ransmit te r and receiver coordinates and the obli-

que transmission frequency subroutine HOMES computes the azi-

muthal angle of t r ansmiss ion  and the ground distance projected

at the t r a n s m i t t er radi us . Assuming  a s t ra ight line path between

the transmitter and receive r , the approximate elevation angle is V

found from th~ tr ian g le in the p lan e con ta in ing  the t r ansmi t t er ,

the receive r , and the earth center. V

Subroutine FITT

Purpose :

Given an e levat ion angle rout ine FITT calculates the corre s-

ponding ground distance and group path from analy t ica l  expressions

for a quasi-parabolic density profile .

Description :

Utilizing the analytical expression given by equations (2.13)-

(2.16), the electron density profile at the midpoint of the path

between the transmitter and receiver , and the oblique frequency

of t ransmission, subrout ine FITT computes the ground distance and

the group path for a specified elevation angle. The contributions

V of ground distances and group paths are adde d up from the trans-

mitter height up to the ray reflection height. The integration

step corresponds to the height increment of the electron density

profile at the midpoint .

- V V - 
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Subroutine RAYINT

Purpose :

Routine RAYINT init ializes the ray parame te rs be fore any

actual ray tracing is pe r formed.

Description:

The code in subroutine RAYINT is extracted from the main 
V

subprogram of the ray tracing program to enable the homing and V

minimum group path pro cedures to funct ion independently from the main

program. With a specif ied elevation and azimuthal  ang les this

subroutine initializes the ray parameters prior to tracing the

ray via subroutine TRACE .

Subroutine ADJUST

Purpose :

The ADJUST subroutine takes the approximate elevation angles

for any of the three configurat ions, ground-to-ground , ground-to-

satellite, or satell i te-to-ground and modi f ies  them through the

ray tracing program to achieve homing.

Description :

Utilizing the initial elevation angle a ray is traced in

the ionospheric profile to obtain a ground distance value . Then ,

the in i t ia l  elevation an gle is incremente d or decremente d by a

small amount depending upon the configuration under consideration .

In the ground—to—gro un d case the in i t ia l  increment or decrement

is found from the table assembled in subroutine HOME , while in V

the other two cases the initial increment or decrement is found

from equation (2.35). Adjusting the initial elevation angle by

the initial increment or decrement we obtain a new elevation angle

V V
~V~~~ - V - - * V - V V
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and a corresponding ground distance through ray tracing. The

V objective is to locate the exact ground distance between the

groun d distances of the trace d rays . Sometimes , the rays are

homed without further calculations and at other times we cannot

locate the exact ground distance between the ground distan ces

obtained through ray tracing at which point a message is printed.

Let us assume that the exact ground distance lies between the

two ground distances obtained from ray tracing. With the two

values of elevation angles and their corresponding ground dis-

tances we interpolate linearly and find a third elevation angle .

V Util iz ing this third elevation angle we trace another ray to ob-

tain the ground distance. If the ray is not homed in yet , we

have three elevation angles and their  ground distances. Since

the variation be tween ground distance and elevation angle is

nonlinear we fit a second degree polynominal in elevation angle

and invert the resulting matrix to find a new elevation angle

that will eventually home the ray.

With this elevation angle we trace a ray and find the ground

distance. A comparison test on the ground distances will reveal

V whether or not homing is achieved. In the event that homing is

no t achi eved , the procedure of f i t t ing  the secon d degree poly-

nomial is repeated utilizing the closest three ground distances

to the exact ground distan ce and their corresponding elevation

angles. Then , ei ther homing is achieved and no further calcula-

tions are needed, or the above procedure is repeated to attain

homing. Homing may not be achieved due to discontinuities in

the ray-traced ground distance versus elevation angle curve , high

angle ray, or that the maximum number of specified trials to find

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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an elevation angle have been exceeded.

Sub routine GROUPM

Purpose :

Subroutine GROUPM calculates the min imum group path for

given t ransmi t te r  coordinates , az imuthal  ang le of t ransmiss ion

and an oblique transmission frequency .

Description :

V With the given transmitter coordinates , the closest density

profile is selected from the composite ionospheric profile .

From the knowledge of the critical frequency of the selected

V profile and the oblique frequency of transmission , the penetra-

tion angle is computed through equation (2.18). Then , s tarting

with this penetration angle we initialize the ray parameters and

trace a ray through the given ionosphere . If the ray penetrates

the ionosphe re we decrement the elevation angle (penetrat ion

angle) by one percent and trace another ray . This procedure is

repeated until the ray is reflected and a value for  the group

path is obtained. There , we take 95 or 90 percent of the result-

ing elevation angle thus generating two new elevation angles.

With these two new elevation angles we trace two rays to obtain

their corresponding group path values. The three value s of ele-

vation angles and their corresponding group paths describe a curve .

This curve may assume three shapes, sloping to the left (most

common) , sloping to the right (rare) or concave upwards. In the

cases where the curve is sloping to the right or left we incre-

ment or decrement the elevation angle and trace rays unti l the

shape of the curve is concave upward. For this shape the values

V ~~~~~~~~~~~ 

V



r V 
--_~VV~~~~~~~~~~~~~~~~

_ V __- -

65

of the group paths are compared with each other to test for the

minimum value w i t h i n  a spec i f i ed  1 km tolerance .

Let us assume tha t  we did not attain the minimum gro up path

value , then we subdivide the two intervals in the curve and obta in
V 

two elevat ion ang les , one in each in terval , thus generating two

additional intervals. Through ray tracing we obtain two values

of group paths corresponding to the two new elevation angles.

A test is per f o rmed be tween the f ive group path values and the

largest two are discarded retaining  only three values and the i r

corresponding elevation angles. Through repeated application of

this procedure we converge on the min imum group path val ue with

the specified tolerance of 1 km. This tolerance is imbeded in

the subroutine and could be changed to any desired value .

2.5.2 Program Listings

A complete listing of all the programs discussed in this

section is given in Appendix 1.

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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2 . 6  Discussion

We have modified the three dimensional ray tracing program

to include the homing features for ground-to-ground, ground-to-
V 

sate Ll i te , and sa te l l i te - to-ground conf i gurat ions . In addi t ion ,

the ray tracing program has been augmented by a chopping techni-

que to find the minimum group path. In the preceding sections

we presented in detail the approach and methods utilized in the

homing of the ray together with representative examples . We

also outlined the purpose and description of each compute r sub-

program adde d to the or iginal ly  supplied AFCRL th ree dime nsion al

ray tracing program.

V The results of our homing approach for the one hop mode of

propagation show that homing is almost always achieved provi ded

the input parameters are correctly entered through the input
V 

data. We say almost since there are situations where homing of

the ray may not be possib le. During the course of our study we

came across three s i tuat ions in the ground-to-ground case whe re-

by homing mi ght  not be possible . These three situations are

i )  high angle ray

i i)  ground distance too close to the skip distance or
discontinuity in the ray trace d ground distance vers us

rV elevation angle curve .

iii) number of tries to find an e levation ang le is exceeded.

A prel iminary investigation of the two mixed hop mode of

propagation has been initiated and the technique has been imple-

mented in the HOME subroutine . The app lication of our techn ique

V to achieve homing is only par t ia l ly  successfu l ;  the ray was homed

in for a few cases while for the majority of the cases tested we
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encounte re d d i f f i c ul t i e s  in homing of the ray . These d i f f i c u l t i

may be a t t r i b u t ed to the fo l lowing  reasons:

i) the coarseness of the given ionosphe ric pro f i le

i i)  the inte rpola t ion  procedure  used in the ray t r a c i n g
program

V~~~
V iii)  the te chnique appl ied to the two hop mode

Through f u r t h e r  research , the true na tu re  of the p roblem could b

pinpointed  and i f  need be a soph i s t i ca ted homing te chnique for

the mu l t i—hop  mo de of propagat ion can be de veloped.

V Aside from the homing probe ims , we have also incorporate d

a chopp ing method to f i nd  the min imum group p a t h .  The resu l t s

of such a method are quite evi dent f rom the examples presen ted

in section 2 . 4 . 2 .  For all the casc. s tudied we have been succe s

ful in finding the minimum group path within the specified tol-

erance . The n umber of steps neede d to obtain the m i n i m u m  gro up

path  decreases as the frequency of t ransmiss ion ge ts h i g h e r .

Once we arrive at the con di tion whereby the var ia t ion of gro up

V path vers us elevation angle curve is concave upward , the conve r-

gence of the chopping method is very fast.

From the results presen ted in this report and other ex amp le

derived from the techniques used in homing of the ray and findin

the mi n imum group path it is qui te evi dent tha t  we have been

successful in achieving our objective . The difliculties encoun t

during the course of this study could be ove rcome through modi f i

cation and refinement of the ray t rac ing  program and the ionosph

profile . Such modification and refinement can only be ach ieve d

through f u r t h e r  research .

IV

1;
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3. ANALYSIS OF OBLIQUE PROPAGATI ON DATA

3.1 Intro duction

The goal of th is  investi gation is to devise te chniques for V

inver t ing h . f .  obli que radio propagation data for  ionospheric

models with horizontal gradients . There are two kinds of obli-

que propagation data: (a) Point-to-point oblique ionograms , and

(b )  Backscatte r leading ed ge. In th i s  sec tion , we sha l l  cons ider

briefly the nature of these two types of data and discuss quali-

tatively their capabilities and limitations in providing infor-

mation concerning ionospheric mo dels with hori zontal gradients .

3.1.1 Point-to—Point Oblique lonograms

These are traces of group path (P’) versus frequency (f)

for oblique propagation between two fixed points separated by

some distance . Since the end points of the propagation path are

f ixed , the ref lect ion points of the rays lie in the neighborhood

of the midpoint between the transmit te r (T)  and re ceive r (R) for

the one-hop mode of propagation , irrespective of the fre q uency ,

as shown in Fi g. 3 .1( a)  . Simi la r ly , fo r  mul tiple-hop mode of

propagation , ref lect ion fo r each hop occurs in the ne ighborhood

of a s ingle  location , for all frequencies capable of propagating

in that  mo de . A typical shape of the oblique ionogram trace for

the one-hop mode is shown in Fig. 3 .1(b ) .

It can be easily conjectured from Fig. 3.1(a) that a one—hop

mode oblique ionogram is capable of providing an equivalen t verti-

cal profile of electron density valid near the midpoint between

the transmitter arid the receiver, but is not by itself too useful

for deriving the hori zontal gradients of electron density . How-
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(a)

Figure 3.la. Ray paths for point-to-point oblique ionograms at different
frequencies.

p/ 

f

(b)

Fi gure 3.lb . Typical shape of one-hop trace for point-to—point
oblique ionog ram .

~

V V  V :V :
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ever , for a particular assumed model with horizontal grad ien ts

nea r the midpoi n t , i t  is in p r i n c i ple possible to deduce the

parameters so as to achieve a best f i t  wi th  the experimental

ionogram. The use of a two-hop mode trace in addition to the one-

hop mode trace would increase the utility of the ionogram for

deriv ing the horizon tal gradients but still does not permit their

determina tion continuously along the azimuthal  di rection from

the transmitter to the receiver.

3. 1.2 Backscatter Leading Edge

In the case of the backscatter mode of propagation , the

transmit ter  and the receiver are located at about the same loca-

tion and the time delay of the transmitted si gnal backscattered

from the ground and then receive d at the re ceive r is measured as

a function of frequency . For a given frequency , many returns are

possible corresponding to all elevation an gles of transmission

and reception within the bandwidths of the t ransmit t ing and re-

ceiving antennas . There is howe ve r a minimum value for the time

delay which occurs near the transition from the low angle ray

mode o f propagation to the high ang le ray mode of propagation ,

as shown in Fig. 3.2(a) . Thus for each frequency , a continuum

of backscatte red re turn s beginning with  the minimum time delay

return will be received. Alternatively , the situation can be

though t of as a cont inuum of point-to-point oblique ionograms

corresponding to continuously increasing valuesof ground range

of the backscatter location away from the transmitter. Such a

cont inuum of obli que ionograms is shown in Fig. 3.2 (b) . The

tangent curve to these ionograms is the “backscatter leading

_  

V
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Figure 3 . 2 a .  Ray paths for  backscattered rays at one frequency .

p ,

LEADING EDGE
f

(b)

Figure 3.2b . Showing that the leading edge of a backscatter ionogram
is the tangent curve to a continuum of point—to—point

V 
oblique ionograms .
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edge ” , and is generally the only useful portion of the backscatte r

ionogram since all the other returns cannot be distinguished from

one another , except in the case of hi gh resolution ionograms .

It can now be seen from Fig. 3.2(b) that points along the

backscatter leading edge correspond to rays reflecting at con-

tinuous ly increasing distan t locations from the transmitter.

Hence in principle the ba~~~~catte r l ’~adi ng e dge contains infor-

mation concerning the hori zontal gradients of electron density

outward from the transmitter location alon g the azimuthal direc-

tion corresponding to the backscatter ionogram . However to obtain V

a vertical profile of electron density at any given location , a

minimum n umber of points along an ionogram are required. For

example , a quasi—parabolic profile requires a minimum of three

points . If we conside r three points on the backscatter leading

edge , we must select them very close to each other in order to

obtain the vertical profile corresponding to a given location .

On the other han d , fo r three such points , the apogee heights of

reflection for the corresponding rays do not differ significantly .

Hence to in crease the separation between the apogee heights of

reflection , the points must be se lecte d f a r the r  apart.  Thus it

becomes necessary to compromise be tween these two conf l ic t ing

requirements. A further poin t of interest arisin g f rom these

V requirements is that it may not be profi table to invert  the lead-

ing edge by employing a mode l wh ich requires a large number of

parameters to describe its vertical profile . This observation

is augmented by the fact that simulated backscatter leading

edge data using three—dimensional ray tracing indicates that  the

apogee hei ghts of ray s corresponding to points on the leading

V -
~~~ 

~~~~~~~~~~~~~~~~~ -V-V::
~~~~~~~~ : V~~~V V~~ ~~~~~~ V V V V V V 
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edge lie within a narrow range of values. This also makes it

impossible for the backscatte r leading edge to provide the verti-

cal profile above the maximum apogee height. However, as will

be pointed out late r , this  is not a l imi ta t ion inso fa r  as the

application of the leading edge data is concerned , although it

may be a limitation for the purpose of obtaining the complete

ionospheric structure up to the layer peak .

Thus in this introductory section , we point out that while

the point-to-point  obli que ioriog rams are capable of p rovid ing

the vertical profile near the midpoint between the transmitter V

and the receiver , they are not too useful for obtaining hori-

zontal gradients over wide ranges of distance along the line

f rom the transmitter to the re ceiver. On the other hand , the

backscatter leading edge , while unable to provide the vertical

profiles above certain heigh ts , is useful for deducing the hori-

zontal gradients over wide ranges of distance along the azimuthal

direction from the transmitter corresponding to the backscatter

ionogram.

3.2 The Quasi-Parabolic Layer

Since the primary purpose of this investigation is to devise

techniques capable of y ie ld ing  the hor izonta l  gradients of elec-

tron density , i t  can be seen from the discussion in the previous

section that  it  becomes necessary to attach more importance to

the backscatter leading edge data than to the point-to-point  ob-

lique ionograni data. Hence for selecting a model, the limitation

of the leading edge data need to be considered. In view of this,

V an ionospheric model requiring a small number of parameters to
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V define its vertical profile is more suitable . Such a mode l ,

which is also amenable to ana ly t ica l  solution for  the ray path

parameters , as compared to numer ical ray t racing, is the quasi-

parabolic laye r model. Hence this section is devote d to the

quasi-parabolic layer.

3.2.1 The Earth Concentric Quasi—Parabolic Layer

The quasi—parabolic layer is defined by the variat ion of

electron density Ne with the radial distance r from the center

of the earth as given by
V 

r— r 2 r~~~2 r

f N i l  - 

ym

m 

(~~~~~~~ ) 

] for rb<r<r (rb
_
~ m j

Ne
(r )  

~

0 otherwise

(3 . 1)

where

Nm = f~ / 80 .6  = maximum value of electron density

= critical frequency

rm = value of r at which Ne is equal to N m
rb = value of r at the base of the layer

= rm 
- rb = semithickness of the layer

The slight modification over the parabolic model, which is de-

fined by ignoring the factor (rb/r)
2 in (3.1) , enab les the deri-

vation of exact closed form expressions for the ray path para-

meters for the quasi—parabolic layer (Croft and Hoogasian , 1968)

by application of Bougue r ’ s rule for ray tracing in a spherically

symmetric layer. For a signal of frequency f and elevation ang le

~~~~~~ V
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of transmission (3 , these express ions fo r  the ground ran ge R , and

group path P ’  are given as follows ( Rao , 1974;  Rao , 1975):

R = 2r0 ~~~~~ 
— 

F r~ cos (3 in Ur b
2

2/ ~ W 2 ( 3 . 2 )

F 2 . - BF UP = 2(1 — — ) r~ sin ~ — 2 r  sin (3 — ~ in
tt 1.) ° 2Ar

(3 .  3)

where

F = f/ f

I = cos —l r0 cos (3 = elevation angle at the base
rb

of the layer

r = radi us of the earth

U = B 2 -4AC

V = 2Arb + B + 2 r bF/X sin l

W = 2 i/~ Frb sin y + 2C + Brb
A = F2 -l + (r ~ /y~~) 2

B = 
~
2rrnrb /y

= ( b m 
— F 2 r 2 cos 2 (3

To f ind  the minimum group path , which is equal to the mini- 
V

mum time delay time s the ve locity of li ght  in free space , we

first note that for a given frequency and for a given set of

layer parameters , the elevation angle of transmission corres-

pon ding to the minimum group path ray is given by the solution

of the equation

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,,~~~ - - *  ~~~~

- ~~~~~~~~~~~~~~~ _
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ap ’  F 2 BF 2 
-~~~~~~~~ V= 2 ( 1— + 

~~~~~~

— ) r0 sin ~ cos V~

2B F 3 r sin (3
— 2 (1— 0 )r  cos

0

= 0 ( 3 . 4 )

Re cognizing that  aP’/a(3 varies continuous ly from a large nega-

tive value near zero elevation angle to a large positive value

near maximum elevation angle corresponding to penetration of the

ray through the layer , we can solve (3.4) for (3 in an i te ra t ive

manner. The penetration condition occurs for the ray apogee

radius equal to - B/2A and hen ce for  the elevat ion angle of trans-

mission given by

-11 1 r r
br 

2 
B212(3~~~~~cos 

~~

( 3 . 5 )

Thus s t a r t ing  wi th  values of (3 near ze ro and the value of

(3 for which ~P ’/ ~ (3 is a small spe cif ied value can be found in

an iterative manner. Substituti’-’n of this value of (3 in (3.2) V

then gives the value of the minimum group path , 
~~

‘ min • V

In the formulation of the proce dure s for  inversion of the

point-to-point oblique ionograms and backscatter leading edges

for quasi-parabolic layer parameter , we wi l l  f i nd  late r that

the partial derivatives of R and P’ with respect to the layer V

parameters are required. Expressions for these quantities, which

can be easily derived from (3.2) and (3.3) are given in the appendix.

3.2.2 The Eccentric Quasi-Parabolic Layer

In papers by Rao (1968 , 1973) , the ionospheric layer has

~~~~~~~~~~~~~~~ ~ L * 
- - - -
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been assumed to be s t i l l  spheri cal bu t  eccent r ic  w i t h  respect

to the earth . Figure 3.3 shows the geometry pertinent to such

a layer w i t h  i ts cen te r C’ displaced by vector from the e a r t h ’s

center C. Assuming quasi—parabolic distribution of electrons

in the eccentric layer , the spherical  geome t ry of the system wi th
V respe ct to its own center enables us to use the formulas  for  the

con centr ic  case (Section 3 . 2 . 1 )  wi th  some addit ional  computations

introduce d by Rao (1968). Thus the eccentric quasi-parabolic

layer  mo de l , which permi ts the exi sten ce of gradients  in the

electron dens ity ,  is complete ly def ined by the fo l lowing six

parame ters :

cr itical freque n cy of the layer

h 0 : vertical distance between the base of the ionosphere

and the surface of earth along vector

semi-thickness of the layer

D : the di s tance be tween the cente rs of the earth and

the ionosphere

the angle between the displacement vector and the

radi us of ear th  through the t ransmit ter

an angle per t inent  to the az imutha l  angle of t r ansmiss ion

For s impl ic i ty, we assume no gradient lateral to the t ransmission

path (c~ = 0 ) and the mode l is then define d by the f i r s t five

parame ters. The consideration of non zero a will not a f f e c t  the

presented te chniques and wi l l  on ly add an addi tional dimension

to the problem.

It is essential to have a feel for the type and amount of

.
V

~

V.V

~

V

~

V
V V 4 . .

~ 

V f  

V~ •V~~ V-V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 3.3. The eccentric quasi-parabolic layer with its
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V 

defining parameters .
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the gradien ts in t roduced by D and 
~~ 

parame ters of the eccentric

layer. To acc~rnplish this , we must make a few simplifying assump-

tions and approximations. The geometry of Figure 3.3 suggests

that  we have gradients  in the base and peak he ights of the laye r .

To obtain real is t ic  relative value s for  these two g rad ien t s , we

will assume tha t  the base he ight of the layer above the transmitter

be a constant value for all cases. In Figure 3.4 , T and R are

the locations of the t ransmi t ter and the re ce ive r wi th  M and

being the location and the angle of the i r  mid-po in t .  The base

heights  of the laye r above T and R are denoted by h~ and h~~.

Expressions can now be derive d for  the gradients  at angle e
~

(appro ximate ly where the re f lection takes place )

The equation of the base-heigh t  circle can be wr i tten as

(x + D cos w
~
)2 + (y + D sin u t

) 2 = D 2 + ( r 0 +

+ 2 D ( r  + h ’)  cos ( 3 . 6 )

Wr i t t i ng  ( 3 . 6 )  in polar coordinates , we get

r2 + 2rD [cos(O - ut
) ]  = ( r  + h~~) 2 

+ 2D(r + h~~) cos

( 3 .  7)

Differentiating 3.7 with respect to 0 , we have

V 2r + 2D cos (0  - w
~~

) - 2Dr sin ( 0  - w
~~

) = 0

D s i n (0  — w )
0 t

=

30
1 + ~~~~, cos(00 

— u t) (3.8)
V ® =~~ 

r
0

- -
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V where

r ’ = r 0 + h~ for the base hei ght gradient

r ’ = r 0 + h 1~, + 
~
‘m for the peak heigh t gradient.

Since , in general r >> h’ and 
~“m ’ 

we can assume that the gradient

is equal for both base and peak heights (r’ r3
)

As a typical example , let us assume TOR 10° correspond-

ing to a ground ran ge of R = 1111.8 km (0~ 
= 5°). The gradient

given by ( 3 . 8 )  is evaluated for  several value s of D and and

Fig. 3.5 shows the peak heigh t gradient (r’ = 6370 + 150 + 200  =

6 7 2 0  km as a func t ion  of D for  several values of 
~~~~~~~ 

Fi gure 3.5

also shows the forbidden re gions , characterized by the ionosoherc

going underground at the re ceiver .  This happens when the g r a die n t3

are large , forc ing  the base heigh t of the layer to be less than

zero above the receiver (h~ < 0)  . The quant i ty h~ can be der ived

by solving (3.7) for r arid setting 0 = 20 g . Th us

r + h”  = —D cos (20 — w
0 0 0

+ /D~ cos 2 ( 2 ~~o
_w

t ) + (r +h ’ )~ + 2D(r +h’)cos
~~t

(3.9)

The above equation can also be used to set an uppe r limi t for

h~ as well as a lower limit. This will result in a us V~d~ le region

on Fig. 3.5 for the values of D and w~~.

V V

V •
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3.3 Inversion of Point-to-Point Oblique lonograms

In this section , we report our investigation of techniques

for inversion of point-to—point oblique ionograms. The inversion

of such ionograms for earth-concentric ionospheric layers already

exist in the literature. Hence, we consider here their inversion

to a layer with horizontal gradients , and in particular the eccen-

tric quasi-parabolic layer discussed in Sec. 3.2.2.

3.3.1 Sensitivity Analysis

First we need to explore the individual behavior of the

five parameters of the eccentric Q-P layer model with respect

to numerically synthesized oblique ionograms, so that we can de-

vise an e f f i c i en t  numerical procedure for inverting a given oblique

ionogram to the modelt s pa rame ters . In Fi gs. 3.6-3.10 , four of

the five parame ters are held constan t , with the f i f t h  varying

over a small ran ge , and the resulting oblique ionograms are plotted.

Investigation of these graphs showsthat small changes in 
~~~~~~ 

h 0 ,

and 
~m parame ters have a relatively linear e f fec t  on their re-

spective ionograins, that is, the curves are shifted by a similar

amount for equal chan ges in each of the three parame ters . How-

ever , for changes in the gradient parameters (w t ,  D ) ,  the shif ted

ionograms actually tend to converge to a certain curve and do

not demonstrate the linear behavior associated with the variation

of the f i rs t  three parame ters .

The above conclusion can also be verified from the geometric

point of view. Since is a periodic variable, the constructed

ionograxns will not be linearly shifted as the w
~ 
parameter is

increased. Also the constructed ionograms can be very insensi-
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tive to changes in D for large values of D (the layer approaches

a plane slab ) and be highly sensitive for negative D values.

These facts tend to suggest that mos t standard n umerical pro-

cedures have the potential for invert ing for the 
~~~~~~~ 

h 0 , and

parame ters , but could easily encoun ter convergen ce problems when

the gradient parame ters are introduced.

Rao (1975 ) successfully inverted an oblique ionograin , using

three data points , to the three de f ining parameters of a concen-

tric quasi-parabolic layer using Newton ’s iterative techn ique

(th is pro cedure is described and used in Section 3 . 3 . 3) .  An

attempt to extend this attractive technique to include two more

parameters, D and w1 , failed because of convergence problems

caused by the nonlinear behavior with respect to the gradient

parameters. These observations suggest that a slower and more

controllable technique is needed to converge to the final solu-

tion.

3.3.2 Determination of Initial Set of Parameters

In every complex numerical convergence procedure , it is

essential to have a reasonable set of approximate starting values

in order to be able to converge to the desire d solution . In the

present problem we have five data points ( fre quen cy-group path

pairs) corresponding to five rays with frequencies ~~~ group

paths P~ and all ha vir-Lg a constan t range R. It is desired to

find a set of parame ters and five elevation angles 8
~ s SO that

the reflection of each ray (wi th frequency f 1 and approximate

• elevation angle 
~~~ 

is ensure d with small errors in their cor-
• responding gro up paths and ran ge .

S
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A con centri c layer is a practical choice for init ial  approx-

imation , thus assuming D = = 0. Using the geometry of Fi g.

3.11(a) and applying Martyn ’s theorem, we can derive approximate

expressions for the angle of ray at the reflection point and

then 
~~~~~

, the elevation angle:

= sin~~ [;~
. sin
(
~~_)] 

(3.l0a)

= ¶12 — — R/2r0. (3.l0b)

The critical freqt~ ncy 
~~ 

is chosen to be equal to the highest

ray frequency (f5) to ensure the reflection of all five rays by

the modelled ionosphere. Since the zero frequency ray (with

group path P~ ) , reflects from the base of the layer , the geome try

of Fig. 3.11(a) can be usec5 for determining the initial base

height h0. A linear interpolation of two data points (prefer-

ably in the lower frequency region) is made to find an approxi-

mate value for P~ IFig. 3.11(b)] and then by using the simple

geometry of Figure 3.11(a) , h0 is determined:

p t  — p’
~~~~

1 =~~~~~~
1 l

~~~f~ — 1 (3.11)

h0 = r0 cos(R/2r 0 ) + - r~ sin 2 ( R/2 r0 ) - r0 .

• ( 3.12)

Initial value of is not as cri tical as the other two parameters,

we will simply use a physical constraint. Here , we have chosen

• ~‘m = 300 - h0 (in kilometers) . Us ing these sets of approximate

starting values, we are now ready to consider techniques in order

~ 

~~::
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Figure 3.11. Determining an initial set of parameters.
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for the solution to converge to an optimal set of parame ters .

3 .3 .3  Inversion of Synthesized Obli que lonograms

Rao (19 75 ) employed a version of Newton ’s technique in order

to invert a concentric Q—P layer in its three parameters . In

each iteration , this procedure requires evaluating the partial
• I

derivatives of the group path and the range with respect to the

three parameters and three elevation angles (subscript i = 1, 2 ,

3 re fers to the data poin t used) . The matrix equation (3.13)  is

then used to find the require d increments in 
~c ’ h 0 , and rm and

the three elevation angles and then update these quantities as

shown in (3.14):
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~~c~ new = 

~~c~old +

[hi = [ho ]old + ~h0
(3 .14)

whe re ~P! and i~R . are de fined to be the diffe ren ces between the

actual and the computed value s of group path and range using

the latest values of the parameters .

The iteration in (3.14) is repeated until the errors in the

group path and range sat isfy a given convergence condition . As

mentioned in Section 3.3.1, our attempt to extend this convenient

technique to include two more parameters, D and w~~, failed to

result in a stable procedure . However, by employing a bisection

search on D and w
~
, and repeating the iteration for every change

in these two parameters , the procedure becomes stable. Fig. 3.12

contains the flow chart for such a technique , and for simplicity ,

it only optimizes D with constant. This technique can also

be demonstrated graphically in Fig. 3.13. Several oblique iono-

grams are synthesized for different values of the D parameter,

satisfying three common data points at all times (step 3.14 is

repeated for every value of D). It is clear that by selecting

the fourth and the f i f t h  data point in the high fre quen cy region

of the ionograms , which is the most sensitive region wi th  respect

to the gradient parame ters , a bisection search can be used to

optimi ze the value s of D and w~.
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The error function used for the bisection search was initially

proposed to be:

Error = ( 1~P~ ) 2 + (~tP~ )
2 

. ( 3 .15 )

However, as apparent from Fig. 3.13, for a given set of parameters,

a ray with frequency f1 might penetrate the ionosphere making

i~P’ approach infinity . This problem can be solved by consider-

ing the ray with group path P~ and f ind ing  the error in its fre-

quency t t f .  (th is  value is always f ini te) . Based on this explan-

ation , the f inal  error function used in the inversion techni que

is chosen to be:

Error = (L~f4)
2 + (~ t f

5
) 2 

. (3 .16)

It is important to note that (i = 4 , 5) is defined to be

the frequency deviation of the modelled ray , from the actual

data value, which has its group path equal to P~ and the range

equal to R (the elevation angle 8~ is adjusted so that the error

in range vanishes) . This te chnique is completely programmed and

simulated on an IBM- 36 0 di gital compute r , and Table 3.1 contains

an example in which a numerically synthesized oblique ionogram

is inverted with exce llent accuracy to the model’ s parame te rs .
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TABLE 3.1. Inversion of Synthesized Oblique lonograms

Using the Technique in Section 3.3.3

Model parameters: 
~c 

= 12 MHz

h = 150 km
0

y = 100 kmm

D = -2000 km

U
t 

= 0

Range = 1111.8 km

Synthesized data points used:

i 1 2 3 4 5

12.23 19.03 22.10 23.57 24.15 MHz

P! 1161.3 1173.1 1186.3 1200.9 1217.2 km

Inversion results:

f h y D Uc 0 m t 4 5
MHz km km km deg (MHz)2

1st iteration 13.07 136.4 125.3 0 0 .031

2nd iteration 12.96 138.5 123.5 —500 0 .026

3rd iteration 12.78 141.3 119.6 —1000 0 .018

4th iteration 12.48 144.9 112.3 —1500 0 .0081

5th iteration 11.99 150.0 99.89 —2000 0 .00004

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~



Since Newton ’s techn ique attempts to converge the error to

zero, problems can be encountered in case of real data because

of the finite errors involved in the final solution . In order

to adapt this technique for inversion of real data, a steepest

descent method (discussed in detail later in Section 3.3.4) is

employed to find an optimal set of starting parameters for three

of our data points. Then the group paths of the three rays were

computed using the parameters and used to replace the original

group path values (Fig. 3.14). These adjusted data points are

indeed well behaved and we can continue our procedure as before

for minimizing ( L ~f
4 ) 2 + ~~~~~~~ Table 3.2 contains a numerical

example for this technique ; it must be noted that in this example

the fourth and the fifth data points are chosen in the nearly

horizontal region of the ionogram, therefore making i~f 4 ,  ~f5
correspond to a much smaller error in group paths (~iP~~, tiP~~) .

Beca use of the two-step optimization involved in invert ing

real oblique ionograms, the final result is not guaranteed to

be optimum. In fact, different combinations of the real data

points used in the inversion procedure tend to converge to dif-

ferent sets of parameters (in that case , the combination wi th

the least amount of error is the final solution). Even though

the technique converges qui te rapidly in the synthesized da ta

case, the computation time becomes an order of magnitude larger

for the real data case , wh ich could be considered un desirable .
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Figure 3 14 .  A technique for the inversion of real data .
The first three data points are adjusted so
that the technique in Section 3. 3.3 can be
employed for minimizing (~~f 4 ) 2 + (~ f~)
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TABLE 3.2. Inversion of Real Oblique lonograms ,

Using the Technique in Section 3 .3 .3

Range = 1421.5 km

Frequen cy , MHz 14 18 22 16 20

actual ( P ’ )  km 1532.0 1540.4 1556.1 1528.5 15 39.0

adj us ted ( P ’ )  km
(after steepest descent) 1527.0 1530.3 1559.4 same same

Parameters Ii y D w~ (
4
)
2 +(~~~~

5
)
2

MHz km km km deg (M Hz ) 2

Iteration #1 12.87 236.7 74.2 0 0 26.8

Iteration #2 12.73 2 4 4 . 6  72.1 —1000 0 2 7 . 4

I teration #3 12 .80 2 4 0 . 3  73.3 —500 0 26 .6

Iteration #7 12 . 82 239 .2  73.5 —375 0 26 .2
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Based on the controllable convergence behavior of the

steepest descen t me thod , a di f fe rent app roach to the inversion

of real data is proposed and discussed in detail in the following

section .

3.3.4 Inve rsion of E xperimental Oblique Ionograms

Actual oblique ionograms are not smooth and nicely behaved

as the numerically generated ones. In fact, one can frequently

find discontinuities , and other peculiarities on the plots of

actual data. Ideal zero error cannot be accomplished when actual

data points are used , requiring the optimization of the error

function to a minimum value.

It is convenient to approximate the gradient, in the actual

data case , by using only one parameter. Referring back to Fig.

3.5, it is apparent that a wide range of gradients can be obtained

by holding U
t at a reasonable value and varying D. In the ex-

amples to follow , U
t 

= 0 is chosen not on ly to span a wide range

of gradient values by varying b , but also to force h0 to repre-

sent the actual base height value of the layer above the trans-

mitter. The steepest descent method, with it’s controlled step

size is an ideal choice for simultaneous inversion of the remaining

four parame ters . Fi gure 3.10 outlines the procedure in a simple

flow chart.

Since , in fact, we are finding a best fit curve through

the data points, we need not be limited to using five points ,

and obviously the more data points used the more descriptive

the model will be. The error function is chosen to be:
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E = > _  (t ~P ’) 2

where N is the number of data points and ttP~ is the error in

the ~th group path as defined in Section 3.3.

The gradient vector ~ is defined to be:

af c

0

[~• 1 =

a y
~

Evaluated at the currentE parameter values

The theory of steepest descent uses the fact that contin-

uous functions decrease alon g the negative of their gradient.

Thus

New ~~~~~~~~~~ Old 

[ O

~~ - H x [A]

~ 

~~~~~~~~~~~~~~~~ ~~~~~~~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~
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where H is a positive scalar step size . For this iteration to

be most e f f i c i en t, we lik e to choose an H such that the resultan t

error funct ion from the new paramete r is at a minimum . This can

be accomplished by simply setting H to zero , and then incrementing

it by an interval such that none of the resultant parame ters

change by more than a specified amount ( th is  ensure s a slowe r

but smoother conve rgence to the f inal  solution not accomplished

by the New ton ’ s technique in Section 3.3.3). Error is computed

for each value of H and minimi ze d by performing a simple inter-

val halving routine on H. The old parameters are replaced by

using the optimal step size H and if the convergence criterion

is not met, the gradient is reevaluated and the procedure is

repea ted. This technique is also programmed on a digi tal  com-

puter and Tables 3.3 and 3.4 contain examples using five data

points from actual oblique ionograms.
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TAB LE 3.3(a). Inversion of an Actual lonogram

Data points scaled from oblique ionogram ( Range = 1421.5 km)

i 1 2 3 4 5

14. 16. 18. 20. 22.

P ! ( k m )  15 36 1536.5 1540.5 1545.3 1555.5

Inversion results:

5
I teration # f~~

(MH z) h 0 (MH z) ym (km) D(k m) Error = ~~~ LA P ! )  2

i=l

0 22.00 252.2 50.0 0.0 290.1

1 18.28 254.5 51.6 342.2 133.8

2 12.67 2 5 0 . 0  55 .5  — 7 9 7 . 7  14.5

3 12.47 249.9 55.5 —836.7 12.5

4 12 .71 2 4 9 . 6  55.5 — 8 3 1 . 4  12.3

10 12.63 2 4 9 . 0  5 5 . 6  — 8 0 3 . 6  11.1

The f ina l  individual  group path errors (in km)

= 1.17 , AP~ = — 1 . 4 6 , AP~ = — 1.00 , AP~ = — 1.11 ,

AP~ = 2.30
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TABLE 3.3(b) Inversion of an Actua l lonogram

Data points scaled from oblique ionograin : (Range = 1421.5 km )

i 1 2 3 4 5

f~~(MHz)  14. 16. 18. 2 0 .  22 .

P ! ( k m )  1533 1539.0 1546.2 1555.8 1566.0

Inve rsion results:

Iteration # f (MHz) h0(km) y~~(km) D(km) Error = 

~~~~ 

(AP~ )
2

0 2 2 . 0  2 2 0 . 0  80.0  0 . 0  5838 .5

1 12.58 227.9 88.5 1237.3 20.6

2 12.60 227.9 88.6 1239.1 20.5

3 12.59 227.9 88.5 1239.3 20.4

The f inal  individual group path errors (in km)

= .49, AP~ = 1.6 , AP~ = 2.3 , AP~ = 2.5 ,

AP~ = — 2 . 3
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3 . 4  Inversion of Backscatte r Leading Edge

The most importan t task of this project is to develop a

technique of inversion of the sweep frequency backscatter leading

edge data for various azimuthal  di rections , to an ionosphe re vary-

ing in three dimensions , which can then be applied for the purpose

of othe r ray path computations. In this section , we report our

wo rk on this problem. Several of the results can be found in

the various progress reports but not in the orde r presented here .

He re we discuss the solution of the problem in a step-by—step

manner and its eventual application to the importan t problem of

f inding  the ground range for a measured group path for reflection

f rom a target.

3 .4 . 1  Basic Inve rsion Te chnique

In a pape r by Rao (19 7 4 ) ,  it has been demonstrated that

three data points taken from the leading edge of a backscatter

ionogram can be used to obtain the quasi-parabolic laye r parameters

~c’ rb ,  and rm~ corresponding to those three points . Br ief ly ,

this method consists of starting with an in i t ia l  estimate of the

layer parame ters and then calculating the minimum group paths ,

P~~ , corresponding to the three frequencies at which data points

are taken from the leading edge . The differences between these

compute d minimum gro up path value s and the actual minimum gro up

path values , P~~, from the leading edge are then used in an itera-

tive procedure to obtain a f inal  solution for the quasi-parabolic

layer parame ters . This final solution is such that the differ-

ences between P ! and P ’ are less than a certain speci fied value
1 C

~
( theoretically zero) .
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When the above described procedure was applied to syn the-

si zed leading edge data polluted intentionally by adding or sub-

tracting a few kilome ters from each of the P ! values , the reby

simulating the actual data case , i t  was foun d that in orde r for

the d i f f e rence s between P~ and P’ to go down to less than a
1

1

small specif ied value , one or more of the layer parame ters of ten

got incremented to physically unrealizable values. The reason

fo r this was found to be that the backscatter leading edges cor-

responding to quasi—parabolic  laye r prof i les  have certain shape s

and it is not in general possible to f i t  a synthes ized leading

edge exactly through three points on an experimental ionogram .

In view of this, the method was modified for  use in this work .

The modification involves the minimization of the fol lowing

sum—squared error function :
3

E (r b ,  rm , 
~~~ 

= 

~~~~~~~~~~ 

r , 
~~ 

—

i=l (3 .17 )

Fig. 3.16 depicts the strategy graphically . Assume that (f1,

P~ ) 
‘ 

~~~ 
, and (f3, P~ ) are the points we have chosen from

the backscatter leading edge. As bef ore , we start  the procedure

with an initial set of layer parame te rs , which are denoted by

(r b ,  rm~ ~~~~~~~~~~~~~ 

Corresponding to these starting parameters is a

unique backscatter ionogram leading edge trace [P’ (f)] . We

note that the error function E is simply the sum of the squared

distances between the ordinates of the (P’ (f)] curve correspond-

ing to the frequencies f1, f2, and f 3, and the chosen backscatter

ionogram minimum group paths P~~, P~~, and P~ . As rb~ rm~ and 
~c

—

~ 
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are varied to minimize E , we see that we are effectively fitting

the P’ (f) curve to the th ree data points in the least-squared

error sense . Furthermore , the magnitude of the minimum of E

provides an indication of the noisiness of the data with reference

to a synthet ic  leading edge . If the data points are from a syn-

thetic curve , computed by assuming the Q-P model, the error E

will then be zero.

The error E is in general a nonlinear function of rb, rm~
and f and an iterative method is required to seek its minimum.

Numerical minimization techniques are available which seek a

local minimum for a given starting point in paramete r space .

The nonlinear minimization alogorithm employed in this study

is described by Fletcher and Powell (1963) and is supplied in

IBM ’ s sc ien t i f ic  subroutine pack age as subroutine DFMFP. This

routine was modified for use with our computer. The Fletcher-

Powell method performs , for each iteration step, a linear mini-

mization along a direction determined by the current gradient

and an updated estimate of the Hessian. The size of the steps

taken through the parame ter space as the minimum is sough t is

proportional to the difference between the current value of the

function to be minimi ze d (e) , and the user-supplied minimum value

(EST) , typically taken to be 0.001 km 2 , and inversely proportional

to the current magnitude of the function gradient ( Ihi) .  In this

manner , rapid convergence is assured. The minimization procedure

is terminated when the function value has not changed by more

th an a user-specified value (EPS) , or if ~E I  has be come less

L! ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - - dl
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than EPS. This routine requires an external function subprogram ,

which supplies DFMFP wi th  E and VE as the parameters rb, rm~ and

are varied. The components of VE , which invo lve derivatives of

P’  wi th respect to the layer parameters are calculated using the

exp ressions provi ded by Rao (19 74 ) and repeated here in the appen-

dix.

Thus far we have discussed the procedure for the inversion

of three data points on a backscatter leading edge to Q-P layer

parameters. Since each point on the leading edge corresponds to

a d i f f erent groun d ran ge , it  is obvious that  the three points

mus t be chosen fa i r ly  close together if hori zontal gradien ts are

present. The three data points mus t correspon d to three ionos-

pheric propagation paths which are in such horizontal  proximi ty

as to validate the assumption of a local ly horizontal ly  un i fo rm

ionosphere . These considerations give rise to a method of deriv-

ing the horizontal ionization gradients from the leading edge .

Three close ly spaced points on the leading edge jus t above the

critical frequen cy at the backscatter sounder site can be used

to de termine the layer parameters of the ionosphere at a range

which is in close proximity to the site. Next, three closely

spaced points further up the leading edge can be used to obtain

the layer parameters at a greate r range than that corresponding

to the previous set of data points. In obtaining these layer

parame ters , the solution for the f i r s t  set of three data points

can be used as the starting solution . A repetition of this

process continuous ly along the leading edge for successive sets

of three data points yields the layer parameters as a function

S
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of distance away from the sounder site. This is the technique

we employ in the following sections .

3.4.2. Inversion of Synthesized QP Layer Data

The basic technique of inversion of points on the backscatter

leading edge for quasi-parabolic layer parameters is tested by

simulating the leading edge for assumed QP layer parame ters and

then polluting the simulated data by adding a few kilome te rs to

one or more of the points. The assumed values of the layer para-

me ters are rb=657O km, rm 6720 km, and 
~c

5
~° 

MHz. Minimum group

paths for frequencies of 10 , 11, and 12 MHz are synthesized to

be P1=1866.1 km , P~ =2l 33.8 km , and P~ =244l . 3 km , respectively.

Table 3.4 shows the results of the test by indicating the errors

introduced in 
~1’ ~~~ and P~ and the corresponding solution ob-

tained by inverting the polluted data . For each case , star t ing

values of layer parameters used are rb 6500 km , rm 6650 km , and

MHz. From Table 3.4, it can be seen that even small

measurement errors seem to appreciably af fec t  the results of

inversion of the leading edge data.

To investigate further the sensitivity of the inversion

• process to measurement errors , the procedure has been generalized

to permit the use of a variable n umbe r (N) of data points in the

inversion te chnique, that is , for minimizing the error function E.

Leading edge data are synthesized for an earth-concentric QP layer

having the parameters rb=657 O km , rm=672 O km , and 
~c=7

~ ° MHz and

at increments of 0 .25  MHz throughout the frequency range of 10.0

to 13.0 MHz. These data are then made noisy by the addition of

samples of a random variable uniformly distributed over the interval
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-1.0 km to +1.0 km , as i l lustrated in Table 3.5. These random

noise values were chosen to be the rightmost three digi ts from

consecutive entries on a page of the loca l te lephone dire ctory .

Using an initial estimate of layer parameters rb=6600 km , rm 6700

km, and 
~~~~
=9•° MHz. These data are inverted by using different

sets of points , as shown in Table 3.6. It can be seen that the

percent error in determining the actual parameters of the QP

layer decreases as the number of noisy data points used in the

inversion process is increased.

:
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Table 3.5. Noisy Backscatter Leading

Edge Synthesis -- Assuming Earth-

Centered Q—P Ionosphere rb=657 O km ,

rm=672 O km , and 
~~

=7 •o MHz

Point f .  Precise P1~ Addi ti ve Noise Noisy P~
No. ( MHz ) (km) (km) (km)

1 10.00 1233.388 .114 1233.502

2 10.25 1268.959 — .096 1268.863

3 10.50 130 4 .946  — .257 1304.689

4 10 . 75 1341.369 - .332 1341.037

5 11.00 1378.250 — .576 1377.674

6 11.25 1415.611 .945 1416.556

- 

7 11.50 1453.475 — .988 1452.487
I 

8 11.75 1491.86 7 .062 1491.929

9 12.00 1530.814 — .600 1530.214

10 12.25 1570.344 — .760 1569.584

11 12.50 1610.486 — .271 1610.215

12 12.7 5 1651.272 + .93l 1652.20 3

S
I

3_L .. ~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 3.6. Results of Inversion of the Data in

Table 3.4, Using Various Numbers of Points in E.

N umbe r of Optimized % error % error % error
leading edge pts value of in in in
used E (km 2 ) rb rm

N 3
using points .17203 .1040 .155 1.77
1, 6 , 12

N=6
using points 1.8730 .052 .032 7 .659
1, 3,5 ,
7 ,9 ,12

N=9
using points 2.3943 .0472 .0193 .129
1,2,4,5,
7,8,10,
11,12

-

~ 
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3. 4 . 3  Inversion of Synthesized Data Involving

Ho n zon tal Gradients

To investigate the technique of inve rsion of successive sets

of three data points on the leading edge for the hor izontal  grad-

ien ts , the eccentric QP layer model discussed in Sec.3.2.2 is

employed. First, for assumed layer parameters of rb=6570 km ,

6720 km, 
~~~

=5
~~
° MHz, D=l000 km , and WT=O ? data points on the lead-

ing edge trace are computed for every 0.5 MHz from 7.0 to 11.0

MHz.  Next , the points are grouped in four sets of three, starting

with (7.0, 7.5, 8.0), then (8.0, 8.5, 9.0), etc. Each group of

three data points is then inve r te d for the parame ters of a concen-

tric QP layer. The f i r s t  group is inverted by using an arb itrary

starting set of layer parame ters (r b=6S OO km , r rn 6650 km , and

4 .0  MHz) . Succeeding gro ups of data are inverted by s tart ing wi th

the layer parame ters obtained for the previous group of data

points. The synthesized data as well as the computed layer parain-

eter values are shown in Table 3 .7 .  It can be seen from this

tab le that  inverted laye r parameters indeed exhibit  horizontal

gradient.  When the magnitude of the gradient in rb or rm is corn-

pared with that predicted from the model, with the use of Fig. 3.5 ,

they are found to be in good agreement.

For a practical example of the backscatte r ionogram leading

edge for horizontal gradients , we consider the data supplied by

the contract sponsor. These data of minimum group paths are sim—

ulated by 3-D ray tracing for models of the ionosphe re , derive d

from ITS-78 predictions by applying various linear tilts and

gradients to a median profile. This median profile, shown in
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Fig. 3.17 , is ass umed to rep resent the vertical profile at a

range of 3500 km from a backscatter sounder site . A l inear in-

cre ase or decrease of the layer parame ters along the sounde r

boresight is then introduced as follows:

( i )  Gradie nts : f F2 = (f  F2)  ± nao o me di an

h F = (h F2) -m 2  m medi an

( ii )  Tilts : f F2 = (f F2) -o o median

h F2 = (h F2) ± pbrn m median

where n , p=0 ,1,2,3 and a=l MHz/3500 km , and b=10 krn/3500 km.

The simulate d minimum gro up values are shown in Table 3.8. The

n umbers in each box corresponding to one leading edge . Thus we

have 31 leading edges.

Ea ch set of leading edge data in table 3.8 are inverted for

QP layer profiles along the boresight by considering overlapping

sets of the three data points . Thus a set of five data points

for the minimum group path yield three sets of QP laye r parame te rs

corresponding to di f fe rent ranges from the sounder location.

The inversion results are shown in Tables 3.9 through 3.12 , which

correspon d to the ground range , peak height  of the layer , base

hei gh t of the layer, and the critical frequency of the layer,

respectively. These results indicate that while it is d i f f i cult

to compare quan ti tatively the gradients with those of the original

model in view of the differences in the two vertical profiles, the

directions of the gradients are gene rally dete rmined correctly by

this procedure.
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Tab le 3.8

Group Path (km) to Leading Edge of Backscatte r lonogram for
Various Linear Tilts and Gradients .

p
—3 —2 — l 0 1 2 3

n

f=ll MHz 1036 1038 1041 1044
14 1388 1395 14 02 1409

— 3 17 1815 1828 1838 1852
20 239 8 2423 2459 2499
23 —— —— —— ——

11 1025 1028 1031 1033
14 136 4 1370 1377 1384

—2 17 1766 1777 1788 1802
20 2288 2312 2334 2372
23 3128 3216 3305 3395

11 1015 1017 1021 102 3
14 1343 1349 1354 1361

—l 17 1724 1736 1743 1755
20 2194 2215 2235 2 2 6 4
23 2855 292-5 2992 3044

11 1005 1008 1011 1014 1017 1019 1021
14 1322 132 8 1334 1338 1345 1351 1357

0 17 16 85 1674 1704 1715 172 5 174 3 176 1
20 2 114 2132 2152 2184 22 09 2232 2254
23 2698 2735 2785 2848 2875 2905 2930

11 1004 1006 1009 1012
14 1320 132 4 1330 1336
17 1677 1688 1705 1713
20 2110 2133 2155 2176
23 2 6 7 9  2717 2751 2 7 8 7

11 995 998 1000 1003
14 1302 130 7 1312 1317

2 17 1643 1654 1668 1682
20 2049  2069 2088 2 10 7
23 2550 2 5 8 4  2617 2 6 4 7

11 987 989 992 994
14 1284 12 89 1294 129 9

3 17 1611 1622 1636 1648
20 1993 2012 2029  2 0 4 7
23  2 4 4 9  2475 2 5 0 3  2531

--‘—~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _
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Table 3.9

Groun d Range (km )

p

n 
—3 —2 — l 0 1 2 3

f=14 MHz 1291 1302 1310 1320
— 3 17 1722 1738 1751 1768

14 1245 1256 1268 1282
—2 17 1658 1671 1684 1706

20 2182 2208 2229 2278

14 1200 1218 1221 1237
— l 17 1597 1616 1622 1641

20 2071 2099 2113 2157

14 1145 1104 1173 1184 119 8 122 0 1358
0 17 1530 1539 1563 1580 1595 1625 1755

20 1969 2006 2018 2061 20 85 2113 2251

14 1132 1150 1178 1193
1 17 1517 1537 156 9 1585

20 1966 1993 2024  2046

14 1061 1083 1122 1145
2 17 1450 1471 1508 1528

20 1878 1902 1937 1957

14 - 9 58 100 6 105 2 1084
3 17 1381 1404 144 3 1466

20 179 5 1816 1849 1871

- .
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Table 3.10

Hei ght  of Maximum Plasma Frequency
(h Fm 2

(kilometers)

p

n 
— 3 —2 —l 0 1 2 3

f l 4  MHz 235 236 239 239
— 3  17 230 232 220 2 14

14 244 243  2 4 7  249
—2 17 245 239 238 231

20 245 239 236 2 38

14 264 262 260 262
—l 17 274 282 258 250

20 276 262 25 8 256

14 2 89 347 28 3 270 269 249 2 34
0 17 303 276 290 266 260 263  268

20 2 90 278  2 7 7  268  2 7 7  307 319

14 305 28 8 269 259
1 17 2 92 281 286 2 80

20 292 29 0 311 311

14 340 324 302 283
2 17 321 311 305 306

20 320 315 328 332

14 391 364 336 315
3 17 351 339 330 324

20 346 344 356 358

____ — -— - - - .
‘ -.
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Table 3.11

Base Height of Ionosphere (km)

p
—3 —2 — l 0 1 2 3

n

f=l4 MHz 136.7 129.4 126.4 122.1
—3 17 142.6 135.1 142.2 139.1

14 164.5 156.8 147.7 136.6
—2 17 161.3 163.2 159.9 151.1

20 160.9 163.3 169.9 135.4

14 186.7 169.5 174.7 158.9
—l 17 174.7 159.1 179.5 173.2

20 174.7 177.8 202.0 156.1

14 215.9 224.1 196.3 201.1 189.3 181.7 175.7
0 17 207.6 211.8 187.0 204.2 205.2 165.5 157.3

20 225.1 169.4 213.5 182.5 167.0 148.7 150.5

14 2 15.4 212.3 198.9 195.5
1 17 228.1 222.4 178.9 177.0

20 205.4 194.2 168.6 166.8

14 248.9 245.0 222.4 216.1
2 17 2 6 2 . 3  2 5 6 . 4  205 . 3 191.3

20 23 1.4 2 2 6 . 2  191.0 187.1

14 291.4 274.2 258.1 247.7
3 17 2 8 6 . 7  283.6  2 3 3 . 4  221.0

20 258.0 251.0 218.3 210.7

~~~~~~~~~~~~~~~
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Table 3.12

Critical Frequency (f0F2)

(in M H z . )

p

—3 —2 — l 0 1 2 3n

f=14 MHz 6.237 6.207 6.224 6.156
—3 17 6.140 6.158 5.872 5.725

14 6.568 6.523 6.567 6.530
—2 17 6.610 6.448 6.386 6.198

20 6.613 6.447 6.334 6.316

14 7.148 7.061 7.002 7.005
—l 17 7.378 7.466 6.943 6.740

20 7.413 7.072 6.873 6.856

14 7.804 9.232 7.644 7.272 7.251 6.732 6.322
0 17 8.173 7.488 7.816 7.146 6.937 7.078 7.118

20 7.814 7.614 7.444 7.265 7.400 7.830 7.990

14 8.235 7.784 7.274 7.001
1 17 7.853 7.546 7.706 7.538

20 7.937 7.868 8.184 8.125

14 9.193 8.739 8.176 7.679
2 17 8.558 8.262 8.288 8.264

• 20 8.713 8.547 8.763 8.782

14 10.537 9.831 9 . 0 7 2  8.481
3 17 9 .4 14 9 . 0 3 7  9 .020 8.814

20 9 .450  9 .37 8 9 .595 9 .559
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3.4.4 Inversion of Synthesized Data for Three-Dimensional

Ionosphere

For nonzero value of the parameter 
~~~

, that is , when the trans-

mitter is not situated along the line joining the Earth ’s cente r

to the center of the ionosphere , the eccentric quasi-parabolic

layer provides a three-dimensional variation of the electron

density with respect to the transmitter location . Hence when

backscatter leading edge data are synthesized for various azimu-

thal directions from the transmitter, they will all be different.

To test the inversion of synthesized data for a three-dimensional

ionosphere , leading edg~~are synthesized by assuming eccentric

QP layer parame ters of rb=€57 O km , rm= 672 O km , f 0 7 . O O  MH z , D=

500 km , and W
T

5 I and for azimuthal beam headings from 0° to

70° in steps of 10° . The leading edge data for each azimuth is

then inverted in the usual manner.  The resul t ing concentric QP

layer parameters as a function of range from the transmitter and

azimuth are shown in Table 3.13. The entries in each box of this

table correspond to values of rb, rm ? and f , respectively. It

can be seen that the inversion results do indicate the three di-

mensional variability of the assumed ionospheric model.

As a further test of the inversion technique , the three-

dimensional ionospheric model supplied by the contract sponsor

is used and by three-dimensional ray tracing including magnetic

field backscatter leading edges are generated for two azimuths

(330° and 358°) with the transmitter located at the geographic

coordinates of 40°N lat. and 175° long. The generated minimum

group path values and other propagation parameters versus fre-

• - ~- - - .  . - • •  . - 
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quency are shown in Tables 3.14 and 3.15. To invert these lead-

ing edge data, a QP layer is fitted to the actual vertical electron

density profile existing above the transmitter location . By

using these QP layer parameters as the starting solution , over-

lapping sets of three data points along the leading edge are

inverted for QP layer parameters. In inverting a given set othe r

than the first one, the solution found for the previous set is

used as the starting solution . For each set of data inverted,

the corresponding ground range is computed and the QP layer param-

eters are assigned to a location half that distance from the trans-

mitter and along the pertinent azimuth. The layer parameters and

the corresponding ranges generated in this manner are listed in

Tables 3.16 and 3.17. It can be seen that in this manner , actual

experimental backscatter leading edge data for various azimuthal

directions from the transmitter location can be inverted for a

three dimensional ionosphere specified by QP layer parameters at

a set of grid points located along the azimuthal directions.

- ~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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Table 3.14. Computed minimum group path data and other
propagation parameters for transmitter
location of 40 °N , l75 °W , and 330 ° az imuth .

Minimum
Frequency , Group path , Ground range , Apogee height,

MHz km km km

10 798.35 468.81 2 2 0 . 2 6

11 884.79 590.29 222.25

12 9 7 2 . 6 0  708 .6 3  2 2 2 . 0 2

13 1062.92  826.38 2 2 0 . 6 3

14 1155.56 9 2 9 . 6 7  223.15

15 1251.66 1041.29 2 2 2 . 8 9

16 1349.12 1150.64 2 2 2 . 9 1

17 1450.55 1261.44 223.20

18 1555.26 1370 .37 225.13

19 1665.43 1483.68 227.10

20 1780.63 1604.12 2 2 7 . 6 0

- , ~.-s,; .. ,~
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Tab le 3.15. Same as Tab le 3.14 except for 3580 azimuth

Minimum
Frequency , Group path , Ground ran ge , Apogee height ,

MHz km km km

10 805 .04  4 7 4 . 5 0  2 2 2 . 2 0

11 894.16 598.72 2 24 .30

12 98 4 .55  719.84 224 .14

13 1077.6 8 840.37  2 2 2 . 7 0

14 1173.13 954 .99  2 2 2 . 2 3

15 1273.45 1062.07 2 2 5 . 2 9

16 1376.13 1172.57 2 2 7 . 2 0

17 1483.70 1293.45 2 2 5 . 9 9  1
18 1596 .70 1417.13 2 2 4 . 9 6

19 1714.86 1531.40 230 .46

I
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Table 3.16. Computed QP layer parameter values and
the corresponding ground ranges for
330° azimuth

Range , km 
~c’ 

MHz rb, km rm s km

327.56 9.2406 6556.4 6676.2

377.18 9 . 3 4 9 3  6561. 9 6679 .5

431.21 - 9 . 3 3 4 4  6561.2 6679.1

486 .87  9 . 2 511 6 5 5 7 . 4  6 6 7 6 . 4

531.07 9 . 7 4 8 9  6565 .8  6 6 9 4 . 9

577 .99  10.0895 6 5 7 3 . 9  6 7 0 7 . 4

632 .2 1 10 .1063 6 574 .6  6708 .0

689 .80 10.0 42 7  6572 .1  6705 .8

749.46 9.9592 6568.2 6702.9

Table 3.17. Same as Table 3.16 except for 358° az imuth

Range , kin 
~c’ 

MHz rb ,  km rm D km

373.28 8.3981 6509.2  6661.6

414.73 8.9054 6519.1 6680.1

461.30 9.0253 6526.2 6681.9

515.75 8.9677 6 5 2 2 . 8  6680 .9

568.43 8 .9757 6523.2  6681.1

619.54 9 . 0 6 9 3  6529 .0  6682 .8

676 .62  9 .0482  6 5 2 7 . 7  6 6 8 2 . 4

732.96 9 . 2 2 7 8  6 5 2 8 . 4  6690.8

lii ~~~~~~~~~ ~~ 
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3.4.5 Application of the Backscatter Inversion Technique

It has been pointed out in Sec. 3.1, that while the back-

scatter leading edge is not capable of providing the ionospheric

vertical profiles above certain heights , this is not a limitation

in so far as the application of the inversion technique is con-

cerned. In this section , we shall prove this point and provide

an explanation for the applicability of the inversion technique

despite the limitation for obtaining the complete ionospheric

structure . To do this, we consider an important application ,

which consists of finding the ground range for a given group

path (not a minimum group path) at a known frequency , and com-

pare the applicability of the deduced three-dimensional ionosphere

by inversion of the leading edge data, relative to that of the

originally assumed three-dimensional model.

Referring back to Sec. 3.4.4 in which we presented the re-

sult of inversion of synthesized leading edges for two azimuths

for the Air Force supplied model, we now trace rays at one fre-

quency (16 MHz) in the original as well as the computed ionos-

pheres for an azimuth of 340° (lying between 330° and 358° cor-

responding to the inverted backscatter data) and for several

elevation angles of transmission . For tracing rays in the com-

puted ionosphere , it should be noted that the rectangular grid

of the originally assumed mode l is uniformly spaced , whe reas

the grid generated by the inversion of the leading edge data is

nonuniforinly spaced, in addition to being in azimuth-range space ,

rather than in the latitude-longitude space. Hence it has become

necessary to generate vertical profiles at the uniformly spaced

4 • 
.. 
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rectangular grid of po ints by apply ing  an interpola tion procedure

to the QP profiles at the grid point in the azimuth-range space .

The result  of these ray tracings are shown in Tables 3 .18 and

3.19 , which correspond to the or ig inal ly  assumed mode l and the

compute d ionosphere , respectively. The quanti ty (P’ -R) is shown

plotted versus P’  for the two cases in Fig. 3.18. A comparison

of the two curves indicates tha t  the computed ionosphere gives

the correct range to with in  ± 2 km for  a wi de range of group

path values. The discrepancies greater than ± 2 km toward the

low end of the curves are attributable to the fact that the

region is close to the minimum group path , whereas the discre-

pancies greater than ± 2 km toward the high end of the curves

are attributable to the fact that the region is beyond the range

corresponding to the inverted backscatter data.

We shall now provide a simple explanation for  the success

of the te chnique in f inding the range for a given group path to

a good accuracy , despite the fact that the minimum group path

rays all reflect from below a certain apogee height , as can be

seen from Tables 3.14 and 3.15 and hence cannot yield the verti-

cal profiles above those apogee heights. To do this , we refer

to Fig. 3.19 which illustrates the fact that the backscatter

ionogram is a continuum of oblique ionograms corresponding to

suces~ ively increasing values of ground range away from the

transmitter. Let us suppose we have found the range corresponding

to a particular point A (f1, P1’) on the leading edge . Then a

point B, corresponding to the same group path as that of A but

to a frequency f 2 < f1, corresponds to a range greater than that

of A. Alternatively , it corresponds to a range corresponding to

- -‘-
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Figure 3.19. Limitations of information contained in data.
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Table 3.18. Group path and groun d range versus elevation
angle for 16 MHz and for 340° azimuth , using
the originally assumed model.

Elevation Group path Ground range (P ’ -R)
angle , deg. P’ , km R, km km

10 1985.06 1888.14 96.92

12 1795.51 1693.76 101.76

14 1661.89 1552.97 108.92

16 1563.03 1444.75 118.28

18 1490 .80  1361.39 129.41

20 - 1435.69 1293.32 142.37

22 1393.93 1236.40 157.53

24 1371.43 1196.75 174.68

Tab le 3.19. Same as Table 3.18 except using the computed
ionosphere

Elevation Group path Ground range (P ’ —R )
angle, deg. P’, km R, kin km

14 1921.58 1833.31 88 .27

16 1892.55 1796.50 96.05

18 1725.20 1619.59 105.61

20 1555.49 1437.47 118.02

22 1458.60 1321.65 136.95

24 1422.14 1257.31 176.83

~~~~~~- . -
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that of a point C on the leading edge , lying above the point A.

Hence the ray of f req uen cy f 2 and group path Pj  reflects be low

the apogee height corresponding to the point C. Since this argu-

ment is true for any point on the low-ray portions of the oblique

~onograms , it follows that one can always find the range corres-

pondin g to such a poin t , al tho ugh the backscatter leading edge is

not capable of yielding the ionospheric profile above the apogee

heights corresponding to the minimum group path rays.

Spurre d by the success of the application of the backs~ atter

leading edge inversion technique in the dete rmination of the

ground range for a given group path , we de cided to combin e the

inversion problem arid the subsequent range determination into

one computer program . Thus , provided with the input of back-

scatter leading edge data for several azimuths and the group

path values (non—minimum) at several frequencies for a different

azimuth , the program computes the ground ranges. To carry out

the range computation , we decided to employ a simple homing tech-

nique in conjunction with the exact ray path computation for the

concentric QP layer rather than the elaborate three-dimensional

ray tracing including the Earth ’ s magn etic f ie ld .  The details

of the en tire program are presented in the appendix.

To describe the procedure br ie f ly , f i rst each backscatter

leading edge is inverted for a series of QP layer profiles along

the corresponding azimuth , in the usual manner. For each speci-

fied group path value ( P ’ )  for which the ground range is to be

determined, the program then computes a rough estimate of the

range , based on specular reflection at an assumed value of base

‘
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height of the ionosphere. By an interpolation procedure involv-

ing two azimuths and two ranges along each azimuth as shown in

Fig. 3.20 , the program then computes the QP layer parameters at

half the estimated ground range along the azimuth (cx ) corres-

ponding to the group path data. Using analytical expressions

for ray path parameters and the interpolated QP layer parameters ,

a ground range value is computed for the specified group path ,

employing an iterative technique. If this range value is close

to the original estimate to within a specified tolerance , it is

the desi red result;  otherwise , the proce dure is repeated unt i l

a final range value is obtained which agrees with the prvious

value to within the specified tolerance. The technique is illus-

trated in the block diagram of Fig. 3.21.

As a test of the above discussed simplified method of appli-

cation of backscatter ionograms , the leading edge inversion results

presented in Tables 3.16 and 3.17 are used to compute the ground

ranges for various values of group path for f=16 MHz and azimuthal

angle of 340°. The results are shown in Table 3.20 , which indi-

cates larger errors in (P’—R) than in Table 3.19 , but still less

than 15 percent of the actual values of (P’—R) given in Table 3.18.

-L

_ -
~~~~~1

__ _ __ __ ___ __ _ ___ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



140

TWO AZIMUTHAL DIRECTIONS
IN WHICH IONOSPHERE HAS
BEEN PROBED BY BSI

~ ~~~~~~UTH :AZ M

T

x DENOTES POINTS ON SURFACE OF EARTH

FOR WHICH QPP HAV E BEEN DETERMINED
IN ORDER TO DESCRIBE OVERHEAD IONOSPHERE

Figure 3.20. Interpolation procedure .
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~-~~~~ leading edge data
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of QP layer profil~~~~

Read f, P’ , c~ I
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Figure 3.21. Block diagram of steps involved in backscatter
leading edge inve rsion and application.
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Table 3.20. Same as Table 3.18 except using the

Simplified Ionospheric Model

Group path Ground range (P’-R)

P ’ , km R k m  km

1985.06 1904.16 80.50

1795.51 1707.41 88.10

1661.89 1565.75 96.14

1563.0 3 1457.76 105.27

149 0 . 8 0  1375.62 115.18

1435.69 1308.68 127.01

1393.93 1252.20 141.73

1371.43 1216.52 154.91

- 
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3 . 4 .6  Uniqueness of the Application of the Inversion Technique

In this section we wil l  consider the effect of the initial

estimate of QPP (QP layer parameters ) upon the inversion of group

delay in to groun d range . The motivation for this simulation was

to determine the possible e f fec ts  of the nonuniqueness of the

inversion of backscatter ionogram data into ionospheric refrac-

tive index. Also we were interested in the reliability of the

present technique in providing a reasonably consistent inversion

between group delay and ground range , despite the uncertainty

involved in the initial estimate of QPP .

The results of this analysis , to date , are presented in the

following set of tables. The procedure used in generating these

tables was to vary one of the three initial QPP while keeping

the other two parameters fixed, and observe the effect of this

variation upon the inversion of a fixed value of group path

into a computed value of ground range. For our present purposes ,

we will consider the QPP to consist of the semithickness of the

layer 
~~~~~ 

the height of the base of the ionosphere (h b ) , and

the critical , or maximum , plasma frequency (f0F2). Other param-

eters such as rb (hb+637O km) and r~ (y~+h~+637O km) may be ob-

tained easily once y
~ 

and hb are specified. Table 3.21 speci-

fically indicates the effect of varying rb which is equivalent

to varying hb .  The last column illustrates the small variation

in the computed ground range thereby induced in the case of an

untilted (no horizontal gradient) ionosphere . Table 3.22 dem-

onstrates the effect of varying the initial estimate of the

inaxiinwn plasma frequency (or critical frequency) , an d agai n we

— ~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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(JNT ILTED IONOSPHER E

Table 3.21:  The E f f e c t  of Vary ing rb In i t i a l  Estima te Upon
Inversion of Group Path into Ground Range .

Theo retical Grp . Init ial  Es t .  of Computed Grnd.
Pa th (kin) rb Range (km )

1700 6510 1591.89

6520 1591.26

6530 1591.93

6540 1590.95

6550 1590.53

1900 65 10 1809.76

6520 1809.2 6

6530 1809.79

6540 1808.96

6550 1808.65

2100 6510 2020.76

6520 2 0 2 0 . 4 3

6530 2 0 2 0 . 7 9

6540 2020.15

6550 2019.98

I
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see chat the effect upon the computed ground range is small.

Table 3 . 2 3  demonstrates the e f f e c t  of var ia t ions  in the i n i t i a l

es timate of rm whi le  keeping rb f i xed. This corresponds to ex-

pansi on and contraction of the vertical dimensions of the ionos-

phere through the variation of y~ . The variation in the com-

puted ground range is somewhat large r than the variat ion obtained

in the previous two tables. Ne vertheless , it should be noted

that even though rm is va rying by less than 1% from its nominal

value of 6610 km , the really si gnif ican t pa rame ter is the semi-

thickness of the ionospheric layer, and this latter param-

eter is varying over a proportionate ly larger range—-i . e .  rm
6600 km corresponds to a 70 km semithickness, while rm 6620  km

corresponds to a 90 km semithickness ,

This type of analysis has also been performed for  a tilted

ionosphere (an ionosphere with a horizontal gradient). Tables

3.24, 3.25, and 3.26 correspond to Tables 3.21 , 3.22 , and 3.23

respectively , and in comparing these two sets of tables , it would

appear that the inversion of group path into ground range is more

sensitive to the variability of the initial QPP in a tilted ion-

osphere. This effect would seem to be most pronounced in the

case of variations of r
~
.

We therefore decided to consider the possible causes of

the relatively large variation in ground range resulting from

the simulated uncertainty in the initial value of rm . By narrow-

ing the uncertainty in the initial estimate of r
m by a factor

of 2 , it can be seen that the variabili ty of the ground ran ge
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UNTILTE D IONOSPHERE

Table 3.22: The Effect of Varying the Initial Estimate of
Cri t ical  Frequency Upon Inversion of Group Path
Into Ground Range .

Theoretical Grp . Initial Est. of Computed Grnd.
Pa th (kin)  rb (km) Range (km)

1700 6.75 1592.09

7.00 1591.35

7 . 2 5  1591.93

7.50 1591.17

7.75 1591.04

1900 6.75 1809.92

7.00 1809.33

7 .25  1809.79

7.50 1809.19

7.75 1809.11

2100 6.75 2020.28

7.00 2020.46

7.25 2 0 2 0 . 7 9

7.50 2020.39

7 .75  2 0 2 0 . 3 5
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UNTILTED IONOS PHERE

Tab le 3 . 2 3 :  The E f f e c t  of Va rying Layer Semithickness
Upon Inversion of Group Pa th to Ground Range .

Theoretical Grp . Initial Est. of Computed Grnd.
Path (km) r~ 

(km ) y~ (k m) Range (km)

1700 6600 70 1590.60

6605 75 1590.56

6610 80 1591.93

6615 85 1592.26

6620 90 1591.96

1900 6600 70 1808.73

6605 75 1808.67

6610 80 1809.79

6615 85 1810.06

6620 90 1809.81

2100 6600 70 2020.08

6605 75 2020.14

6610 80 2 0 2 0 . 7 9

6615 85 2020.98

6620 90 2 0 2 0 . 8 0

V
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TILTED IONOSPHERE

Table 3 . 2 4 : The E f f e c t of the In it ial Est imate of rb (Radius to
Ionospher ic Base) Upon the Inversion of Group Path
in to Ground Range .

Theoretical Grp . Ini tial Es t .  of Compute d Grnd.
Path (kin) rb (k in ) Range (kin)

1700 65 10 1584.67

65 20 1583.57

6530 1586.57

6540 1586.86

6550 1583.67

1900 6510 1798.66

6520 1792.39

6530 1794.79

6540 1795.77

6550 1 7 9 2 . 4 2

2100 6510 1996.30

6520 1994.87

6530 1996.97

6540 199 8 . 4 4

6550 1994.96

-
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TILTED IONOSPHERE

Table 3 . 2 5 :  The E f f e c t  of In i t i a l  Estimate of
Critical Frequency 

~~~ 
Upon Inve rsion .

Theoretical Grp . Ini t ia l  Est.  of Compute d Grnd.
Pa th (kin) 

~c Range (km )

1700 6 .75  1586.41

7 .00  1586.89

7 . 2 5  1586.57

7.50 1587.24

7.75 1586.37

1900 6 . 7 5  1795.11

7.00 1796.12

7 .25  1794.79

7.50 1796.61

7.75 1795.26

2100 6.75 1997.62

7.0 0 1999.02

7 . 2 5  1996.97

7.50 19 9 9 . 6 2

7.75 19 9 7 . 9 0
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TILTED IONOSPHERE

Table 3.26: The Effect of Initial Estimate of rm Upon
Inversion of Group Path into Ground Range .
Program was allowed to go 40 Iterations

Theoretical Grp . Initial Est. of Computed Grnd.
Path (kin) r

~ 
(km) y~ (kin) Range (km)

1700 6590 60 1578.35

6600 70 1582.48

6610 80 1586.57

6620 90 1586.67

6630 100 1590.76

1900 6590 60 1786 .76

6600 70 1790.84

6610 80 1794.79

6620 90 1798.14

6630 100 1801.60

2100 6590 60 1988.81

6600 70 1992.96

6610 80 1996.97

6620 90 2001.28

6630 100 2 0 0 5 . 7 6
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TILTED IONOSPHERE

Table 3.27: The Effect of Varying the Layer Semithickness Upon
the Inversion of Group Path to Ground Range .

Theoretical Grp. Initial Est. of Computed Grnd.
Path (kin) r

~ 
(kin) y~ Range (kin)

1700 6600 70 1582.48

6605 75 1582.13

6610 80 1586.57

6615 85 1587.62

6620 90 1588.67

1900 6600 70 1790.84

6605 75 1790.62

6010 80 1794.79

6615 85 1797.08

6620 90 1798.14

2100 6600 70 1992.96

6605 75 1992.82

6610 80 1996.97

6615 85 2000.16

6620 90 2001 .28
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is also reduced , as shown in Table 3.27. Tn order to conside r

the effect of allowing the program to perform a greater number

of iterations , we have repeated the calculation of Table 3.26

by doubling the number of iterations which the program uses in

computing a final set of QPP. The result is shown in Table 3.28.

Although this increase in the number of iterations generally

improves the result , this is not always the case , as can be seen

in Table 3.29. The significant quantity , c , denotes the standard

deviation of the ground range values from their respective means.

For the smaller values of simulated group path , increased itera-

tions produce a smaller standard deviation . For the largest value

of group path (2100 kin) the standard deviation is actually larger

in the case of 80 iterations , as opposed to the case of 40 iterations.
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TILTED IONOSPHERE

Table 3.28: The Effect of Initial Estimate of r Upon
Inversion of Group Path into GroundtmRange .
Program was allowed to oo 80 Iterations
in Fitting QPP.

Theoretical Grp . Initial Est. of Computed Grnd.
Path (km) r

~ 
(kin) (km) Range (kin)

1700 6590 60 1580.18

6600 70 1582 .72

6610 80 1586.97

6620 90 1587.40

6630 100 1588.40

1900 6590 60 1778.40

6600 70 1781.92 
-

6610 80 1788.25

6620 90 1789.21

6630 100 1790.48

2100 6590 60 1973.34

6600 70 1977.90

6610 80 1986.09

6620 90 1987.49

6630 100 1989 .10

-~~ _ *_~~~~ _ 
- ;.

_ 
- .  

- 
— 

- - -~~~~ --
- - - -~~~- - - - - - -~

SUBFOUIIU P A C K  D P ( H S )  167 3q32
t I ~i E N S t C t ~ N 4 0 4 C 1 ( 2 ) , N W 0 t ~E 2 ( 2 ) , h ~i C R D ( 2 )

~~~~~ ,~~~, N A .  ~P . P C  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C 3 3 3



— - - - - .~~~~-~~~~_-~~~---~~~~ - —--- - - -  — - - ~~-- - --— - --~~

154

TILTED IONOSPHERE

Table 3.29: Variance Resulting from Different Values of
r as Affected by Number of Iterations (IT) -
in

— Theoretical Grp . IT D a
Path (km)

1700 40 1585.37 4.45

80 1585.13 3.15

1900 40 1794.43 5.23

80 1785.65 4.39

2100 40 1997.16 5.97

80 1982.78  6.10
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3.5 General Consideration of the Inversion Problem

In the past two sections of this chapter we have presented

seve ral technique s that can be applied to deduce the ionospheric

structure by using point—to—point oblique io~ograms (section 3.3)

or backscatter leading edges (section 3.4). In both cases our

computations have been carried out for quasi-parabolic profiles.

Recently an inversion technique developed in connection with geo-

physical problems has shown great promise . This technique , known

as Backus—Gilbert  technique , can be adapted to inverting oblique

ionograms of both kinds . The problem has been formulated in a

paper “A Method for Inverting Oblique Sounding Data in the Ion-

osphere ” which is attached as Appendix 4. Initial application

to the vertical incidence data demonstrates its rapid convergence .

The technique has yet to be applied to inverting oblique iono-

grams . It is desirable to carry out many computations in order

to understand the capability , the characteristics and the limita-

tion of this inversion technique. So far the problem has been

formulated for inverting either the backscatter leading edge or

the oblique ionograxn. In both cases pherical stratification is

assumed. De tails can be found in Appendix 4.
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3.6 Concl usions

In concl usion , we have in this section discussed our efforts

to devise te chnique s for  the de termination of ionospheric struc-

ture from oblique radio propagation data. Particular attention

was devoted to the problem of obtaining the horizontal gradients .

The major findings of the effort are : a) point—to-point oblique

ionograms , by themselves, are not very useful for obtaining the

horizontal gradients , wh ile b ) backscatter leading edge data are

capable of providing in formation concerning the hor izonta l gradients .

We have provided several examples of inversion of the obl ique

radio propagation data and even investigated the application of

the backscatter technique . We have demonstrated that despite

the fact that the inversion technique does not necessarily yield

a unique solution for the ionospheric structure , this uncertain ty

is not an important factor in the application .
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4. Recommendations for Future Work

Based on the efforts of our work reported in sections 2

and 3 and the conclusions reached therein , we make the following

recommendations for continuing work on this project:

1. Since the backscatter data and the corresponding inversion

results involve a grid of points in the azimuth-range space , it

is desirable that the electron density model employed in the

three—dimensional ray tracing be specified in the azimuth-range

space rather than in the latitude-longitude space .

2. The basic inversion techniques of backscatter leading edge

data need to be tested by employing simulated data for progressively

complicated ionospheres. In this connection , it is necessary

that the simulated data points be closely spaced in range , in view

of the fact that successive data points correspond to successively

increasing values of range away from the transmitter. Hence for

the derivation of local horizontal gradients , it is necessary to

consider sets of data points , closely spaced in range , and hence

in frequency .

3. In addition to the inversion of backscatter leading edge for

ionospheric structure , further tests are necessary with regard to

the application of the inversion results for computing the ranges

for non-minimum group paths. In this connection , it is necessary

to have simulated ray tracing data for non-minimum group path rays

for the same model ionospheres for which the backscatter leading

edges are simulated.

4 .  The dependence of the inversion result upon the choice of

the initial set of layer parameters should be further investigated
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with a view to determining how in actual practice , the initial

set of laye r parameters must be chosen in orde r to m in imize the

uncertainty of the inversion technique .

5. The present scheme for homing the ray after one reflection

from the ionosphere is very successful as demonstrated by several

examples in this report. Howe ve r , in extending the present scheme

to multi—hop modes some difficulties are encountered. Some of

these difficulties have been identified : the coarseness of the

grid points at which the electron density is given , and inflex-

ibility in the computer program to handle mixed and complex modes.

To remove these difficulties requires further refinement of the

ray tracing program.

6. Preliminary analysis shows promise in applying the Backus-

Gilbert technique to inversion of the oblique propagation data .

This technique has been applied to the vertical ionogram and

very rapid convergence is obtained. Even though the mathematical

formulation for the inversion of oblique data has been carried

out , its application to data has yet to be made . One possi-

bility is to choose a model profile (such as piece—wise parabolic

profile) for which analytic expressions are available so as to

reduce the computation time. Another area of interest is to

generalize the Backus-Gilbert technique by including the horizontal - 
-

gradient .  In this latter case the Bougue r ’ s rule is no longer

val id , one mus t re formulate the prob lem anew .

~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~-—~~~~~~~~- - - - - - -  - --—--~~~ -~~~~~~---
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APP~~NN X 1

The computer programs for ray homing are listed in the following
pages. These programs are discussed in section 2.5.
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C ~ECItES WHICH P A Y S  ABE ‘IC BE ‘IPACEt) A N C  SETS I H E  I:i ‘3032
CCNrITIC?~S ECE EACH ~AY BE!ORE CALL:NG IBACE , W1-I CH CALC flLAIF S THE PAY 2003

CINFNS ICN TYPE (3) ,TYF~ 2 (3) 100L
DI~ FN S ICI~ ~1CD EI’ I  ( l i )

COP~~CN /CCNSI/ rI ,PII2, P1r 2, C~G5 ,RAI ,K ,C ,LCG ’I P~ ‘~Ci0 5
C0MI~CN /FK/ N ,S’IEF , ~!CC E,E1M X,E ININ ,E2NAX , ~2~ IN ,FACT , PET A R T OC-3 6
CC~~ CN /FIN/ N2 ,Mux ,PN2 (9),rCLAE(4) ,sPACE ,CCLL ,FI~ 1’~
C0f~~CN /PL~ / NIYP ,RN!(iW , PNE WW ,RAY BEG ,RAYSE’I ,LINE S , IHOP ,NU’IESI , A P I I T 3208

~~t~1~CN /FOOPLS/ MCDEL (4)
cc~~t l c N  ~/~ x,’ X ,PxP~ ,PXP’r H ,Px~ PH ,FxPT ,HMAx 3010
C31~NCN E (12) ,T,STP,EROT (12) /WW/ ID (13),~ C ,~ (L4 00) C o il
C0rt~CN ,VPR N 1, IN (250) , VNPP (250) ,VNP IH (2 5 C )  ,VNE PH (250) 11 KV 1
CCN~!CN /VPRN2/ VRAN GE(250 ) ,VRT (250) 11 KV 2
C0 1~?C~4 /NCOBT/ N PR tN ’I,KCPT .M~ RT ii KV 3
COMMCN /CENSC/ CUM 2 (683) ,NCUM (2) ,JPLAG , NSCL ,EHMIN (21) ,J’IENP IJOFI 1
FO UIV A LEIc CE (F, W (3)), (PLCN ,W (13)), (LCN ,~~~ ( 1 ( 4 ) ) ,  (PLA’t ,W (15)) , 0012

1 (LAT ,W (16)), (BETA ,W (17)), (AZ1 ,W (1H) ) , (EABT HE ,W (19)) , 0013
2 (X~ TRH ,~ (2C) ) , (INTYP ,W (41)) , (MA )CERR ,W (42) ) , (9~ATI0, W (( 13) ) , C 01 (4
3 (STEP1 , h (4(4)) , (S’I?MAX,W (45)) , (STPMIN ,W ((1€) ) , (FACTR ,W ( 117) ) , 3015
4 (RAY ,W (f7) ) , (PIAXST E ,iJ(93)) , (SKIF- ,W (180)), (HCP ,w(254)) , C016
S (FLBEQ ,W (255)) , (EL NC ,V (256)), (ELS’IEP ,W (257)) ,(FBEG ,W(258)), -3017
6 (FFNC ,c~(259)),(FSTEP ,~~(26C)),(AZB~ C ,W (263)), (AZEND ,W (26L4)), 0018
7 (AZS !IEE,W (26c) ) , (PLT, W (272)), (CNLY ,W ( 2 7 9 ) ) ,  (UN ,W (299)) 3019
~QUTVALE NCI (FC ,W (375)),(AIPHA ,W (376)),(THC,W (377)),(PE-),U(378)) ‘JOEl 2
REA L LCCT!N ,K ,~~~, J~ ,MAX STF ,INTYP ,NALERE ,MU ,I0N ,LAT ‘3020
EA TA P~CEPL ’r,KCLL 1 ,KC1L2/2*1H ,‘4HCIEC ,1H ,UN~ 1IH ,4H NC,
CA TA TYFE ,TYPF2~ L4HX—CB ,4HNC F ,LIH ORDI ,4H N A B Y ,2 *1H /
13A’! A ~!CSFW/0/ ‘JOEl 2A
SE CCN C(P1 ) 10.C

C CAL L C9EX CN C023
C NCATE IEA E (0) C02 (4
C SECCND=I (IGCK (C) *.C01 3025

‘IIlU=SE CC ND (A)
IINFS ’C
NPA GE= )
CC 5 1=1 ,400

5 W(l)=0.C
F I E L C = 1 . C
COLL=C .-2
KOLI=KCII2
NE A IE= C —

IF (CCLI.!~E.0.t)) KCL I KCLL 1
C
C CC N5 ’ IA NT S C029

PI=3 .1111S 92~ 536 0030
PI’12=2. E1 0031
EIC 2= F I/2 . 0032
D E G S = 1 8 C . / P I  0033
PAt~ PI/1~ 0. 0034

0035
C=2.997925E5 0036 -
LOG’IEN~~ 10G (IC.)
CO 2 Irl ,11

2 MOt~EL (I)=!~OCELT (I)
C 0 036
C INIIIALIZE SC(~E V & B I A E L E S  I N  T H E  W AB ~~A Y  C03 9

rL C !~= 0 .  0040
P L A ’ I = P 1 t 2  0041
1 ! A P ’ I H R = E 2 7 0 .  0042
INT ~~P = 3 .  0043

- 
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M A X E F R = 1 .E — 8 004(4
E R A T I O S C .  00 145
ST ! E i z l .  00(46
S TPNA ~~ 1C0. 0047
STPrIN= 1.E—14
PAC TB=0 . c 0049
M A X S T P 1C OO .  0050
H C E = 1 .  ‘3051

0052
C C 0 53

1 CALL P E A t  V 305 (4
C

= C KY 05(4
C

F = 0.0
BETA=0.C

~z-i=o .o
IF (WN.LT .7.) W N 7. 0056
IF (WN.G1.12.) ~N=12. 0057
IF (SKIE.EQ.0.) S E I E M A X S I E  C0 58
N TYE 2.,IIELD *FAY +0 .C1 0059
PRINT 7,ID ,NDATE ,~ ODEL ,TYP!(NTYE) , TYE!2 4N TTE ), KOLL

7 FOR !’AT (1E1,10A4 ,2CX ,18/SX ,4 (1I,A 4), 2 X ,2 A4 ,’ COLLISI ON S’/)
P R I N T  8 00 63

8 P0P~~AT (85H INITIAL VA L UES FC~ T HE ~ A! FA Y —— ALL ANGL E S IN B A C I A N  006 (4
iS , CHIT KCNZ E FC V A L U E S  PR IN TE t/ ) 00 65
DC 10 1=1 ,400 00 66
IF (W (i) .NE.0.) PEI~~1 9, I,W (I )  0067

9 F OPUT (14,!19.11) 0068
10 CONTINUE 3069

C LET SUER CU TIN E S PR IN IR AN U  RAY PI T KK C W IPEB! IS A NEW N A R R A Y  3070
PN EW W 1 • C
B H ! I~i 1  .C

C C072
C INITIAL IFE PAR ~~NB !FBS !CF INT~ GPATI CN SUB R O UTINE EK A M  0073

N = W N + O . C 1  ‘74
MODE INTEP +0.01
STEP=STU1 3076
STP~ST!R1 1/2E ,~71
!1NAX=NAHRB C077
E1MIN= !flEPP/EPATIO C078
E 2 M A ~~~S t E M k X 0079
E 2 M1Z1 = S ’I1M1t4  3080
F A C T = F A C T R  C08 1

C 0082
C CETE PMINE TRA NSM ITTER LCCA TICN IN C C P P U T A ’ I I C b A L  C O O R D I N A T E  SYST 0083
C (GECHAGNETIC COOBt INAIP S IF D IPOLE FIE L C IS USED) 0084

• RO=PARTBR+ XN! Ffi 0085
SP~ SIN ( E I A T )  C0 86
CP~ SIN(E IE2— PIA ’I) 0087
SINEPH S IN( L ON—E LC N ) COBS
COSCPH=S IN (P 1t2— (ION— PLCN) ) 0089
SL SIN (1 11) 0090
CLZSIH (11t 2— LAT ) 0091
A LP HA =A ’I)N2 (_ SINDcH*CP ,_C0S1~PH*CP*SL ,SP$CL) 0092
THO~~Ap cCE(CoSrEE* cP*Ct +SP*5L)
PHO ZATAN 2 (SINEPE*CL ,COSDPH *SP*CI—CP$EL) 0094

C THIS PCF ’IION IS AD DED FOR THE HCNING F E A T U R E .  IT REA DS THE DENSITYUOFI 3
C PROFILE EBC N ELEC’IX UOFI 4

IF(W(38C).!ç.C.O) GC ‘10 555 UOPI 5
IF(MOB!W.!Q.1) GC 10 555 UOFI 5k
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M O R E  w = i  J C E I  SB
C A L L  E L E C I X  ( 1051 SC

C 009 5
C L C C E  ON P R E C C I N C Y , A Z I M U T H  A N G I E , A ( ~E E L V A T I C N  A !~G L E  0 0 3 6
555 N F F E Q = 1  (10?! 5!)

IF ( F S T E E . N E . 3 . )  K F R E Q = ( F ~~N t — F B E G ) / P S ’ I E P - . 1 . 5  C398
N A Z = 1  30 99
IF ( A E S T E P .  N F . O . )  N A 7 = ( A 2 F N E — A 2 E E G ) ~~A Z S 1 E P + 1 . 5  0 100
N B T A = 1  C l O l
IF ( !L S I E P . N E . - D . )  N B E T A ( E L F N E — E L B E G ) / t L S ’ ~~P 4 l .  5 ‘3 102
CC 50 N } = i , N P R E C  3 103
F=FBEG+ (U—i) *FSTEP 310 14
I F ( W ( 3 ~~C) . R C . C . C )  CC IC 55 t J CF I  6
C A L L  E C H E  UO F I  7

SE DO 145 J= 1 ,N A Z  ( J C F I  9
I F ( N ( 3 8 C ) . N E . O . 3 )  GC TO 60 ( J O El  10
A Z 1=A 7P5C + (J—1 ) *A2S TE P

60 AZA= AZi*CE G S IJC F I 11
GA P I N A = P 1 — A Z 1 + A L R H A  ‘3 1) 6
SG A M M A = S I N ( G A M N A ) 109
CGAMMA =S IN( P1D 2— GAMNA ) ollO
DO 140 I=i ,NBEI A Ci ii
I F ( W ( 3 8 0 ) . N E . 3 . 0 )  CC TO 70 U C F I  12
E E T A EL B! G+ ( I — 1 ) * I L S T E P  ‘3 112

70 CBETA =S IN (PID2—EE’IA ) UCFI 13
C ‘IHI ! IS US E D F C R T H E  H O M I N G  F E A T U R E  C M L !  ‘J O E l  1(4

I F ( ~~(~~8 O ) . E C . -3 . C )  GC IC 32 cj c s i  1~
C A L L  At .3 tS T ‘J O E l  16
M P F T = 0 ‘JOEl 17
GC TO 50 ‘JOEl 16

32 R (1)=RC UCFI 19
R(2) T60 0115
R(3)=PF.C C 11 6
B ( L 4 ) = S IN ( R E l A )  3 117
P ( 5 ) = C E E T A * C G A M M A  ‘3 118
B ( € ) = C E V I A * S G A E P A  0 119
1=0. C 12 0
B S ’ I A R T = l .  C 12 1
C A L L  R I N C E Y  ‘3 122
F L = E E T A * E E G S  0 1 2 3
IF (I.U.1.ANE .KEAG !.LT .3.ANt.LIHES.IE.17 ) GC IC 18 012 ( 4
N PA GE =0
L INE S C
PRINT 7, ID(1),ID ,NCA TE ,MCt!t,TYP!(N’IYP),TYrE2(NTYP) ,KCLL 0126
P R I K T  17, F ,A ZA C 127

17 FORMAT (1BX ,11 R PR F QUEN C T = ,P12 .6 ,37H M H Z , A Z I M U T H  A N G L E  CF I F A N S N I  012 8
1SSICH = ,P12.6 ,IIF EEC) C129

18 NPAGE=HRIG !+1 3130
PRINT 19 , EL 0131

• 19 FORMAT (/2 11, 33HEIEVAT ICN ANGLE OF TRAN SM ISSI ON = ,P12.6 ,4I1 DEG/) C132
— IF ( N 2 . C T . 3 . )  CC ‘10 25 ‘3133

CAL L E lEC T ! 013 (4
FN S I G M ( E Q R T ( A B S ( ~ ))’F ,!) ~135
P R I N T  21 , FM oi~-

21 FORMAT (ESHOIFANSrI’I ’IIF IN EVA NES CEN T R E G I C N , TRANSMISSION IMECSS I 0137
1BLE/2OECELA SMI FREQUENCY = ,E17.10) ‘138

CC TO (I II 0 139
25 N U ! ~ RT (N2) C1LL O

B (4)=NU *E (4) 0141
0142

R (6)=MU’F(6) 0143

_ _ _ _
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DO 2 8 ~N’7,N 21 1414
28 R (NN ) 0. Ci (4~C A L ! T R A C E  0146

C S E C C N C ~~~~N I 0C K( 3 ) * . C O 1  C 14 8
C S E C T I ! E
‘ I I M E = S E C C R D  (A)
EI FF = T IME— O SE C

~RINT ~C , 01FF C1~ O
33 FOPrA T (34X ,26HTH15 RAY CALC U LA T ICN TCCK ,? e. 3 ,14H SEC ) 150 KV 1

C
C
C N D P F I N I  IS T H E  C P T I C N  F C R  £ R I N ’ 1 I N~ E L E C .  t E t ~S I ’I Y  A N D  D E R I V A T I V E S
C

IF(N PBINI .FQ.O ) CC IC 373
I C

C P R I I ~T E L E C T R C N  t E !~SIIY PROFILE AND 11-F [EF IVATI VES 151 KV 1
C USING A EPL FTCN — H A R I R F E  F C R M U L A  15 1  K y 2
C

PRINT 2 3 1  15 1  KY 5
331 FORMAT (191 , 488 ELEC TRC N DFNSI’I Y FECEIIY A~~D I’IS DER:IAIIVEE , 15 1 MV 7

1 14eH COURTESY AB CC N CORE . R .VANGU R I /, 151 KV 8
2 609 N C * X , C = 12 i403 *F **2 F I N M H Z , N = EL.  P E R  CC , 1 .1 M V  ~
3 (4 3 1- AUI!T CN— HPR’IBFE FORMULA / 151 Kv lO
(4 609 DN/tB = C * FY FR IN EL/CC/KM / 151 K V 1 1
5 609 DNIEI FT = C * PXPTH * FA D IN EL/CC/EEC / 151 KV 12
6 609 DN/EPN = C * P~~PPM * FA D IN EL/CC/EEC / 151 KV 1 3
7 6X ,5H F A N G E ,5X ,6HIiEIGHT , 1CX , 1HN ,9X ,EHDN,CR ,7X ,6HDN/CTH ,7X , 15 1 RV 114
8 6 H D N / C P H , 7X , I 4 H S ’ 1E P /  9X ,2 U K M , 8X ,2 H K M , E X , 5 F . E L / C C  /) 151 K V 1 S

DC 3~~E M J  = i , P P F ’ I  151  K V 2 5
P R I N T  3115 , V B A N G F ( M J ) ,V H T ( M J ) , 1~~i K V 2 6

2 V N  ( M J )  , VN P R ( M O )  ,V N E It 1 ( M O )  • V N P P H ( N J )  , MJ 151  K V 2 E
3(45 F O R M A T  (1X ,F1C .4 ,2X ,F10.4,’l (2X ,E11 . Li ),2X ,I5) 1~~1 K V 2 7
365 CON TINUE 15 1 KV28
3~ 0 CONTINtE

M P R T  = 0 15 1 K V 2 9
C

IF ( N U T F S T . E Q . 1 . A N D . C N L Y . N E . 0 . . A N D . I F O P . P c . 1 )  CC IC 4(4 0152
40 CONTINUE 0153
(4(4 IF (ElT .NE .C.) CA L L ENEPLI 015’4
145 CONTINUE C155
50 C O N T I N U E  3 156

GO ‘10 1 C157
E N C  0 1~~B 
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S U E F 0 f l I 1 t ~~F TFAC ~ C 1~~C I M F N S T C N  ~‘ : L r ( 1 2 ) ~~t R C L C ( 1 2 ~ Q~~Q7
CCf ’ MCN /Fc/ N ,S7F1 ,PCCE ,E1 M A X ,E1N!N ,E 2NA y ,~~2MIN ,F A CT ,E5’tA 8T 01B8
C C M M C N  ~~ IN/ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘31~ 9C-~ M M 0 ~4 / I EA C /  G F C t l N t ,FFP ,T H c F E ,P11t~DIS ,ri!~t F E  0 190
C C M M C N / E L G /  ~T y r .~~,~ ww , r N F 4 ( ~, EAY? EC ,!)AYSF~~,LINES ,If10P ,NIJTFS1 ,A PHT “1 91
C C N M ’ 3 N  , X X /  v , P X P E . r x p , F y r p I i , E x E - ” .I I M A x  ‘) 192
C C M  MC N,F L A G S / I  F L A G
C O M M O N  ~ ( 12)  ,, 1,, S~~P , t P t ! ( l 2 )  /WW / I D ( 1 0)  ,W 0 ,W (400) 3193

~OU~ VA1E( ~CF (sABT ,W (19)).(HS,h(40)),(t~Ax s 1E ,w (93)),(SKIP ,.(ieo)) C19U
1 , ( H C P , W ( 2 5 ( 4 ) )  • ( P L 1 , h ( 2 7 2 ) )  3195
EQ UI VALF ~~C!~ ( C N L Y ,W f ~ 71)).(51EE1 ,W (414)) (1051 1
l~F . I M A X S I P  0196
CC~’FLFY . ~2,TFCL~~F ,J’E CLAP 2197
L O G I C A L  S P A C F  .B C , h A 5 N T , P~~~!EC , I J N 0 F G C ,G F C D b C , P E R I G E ,T H E R E , -3 198

1 ~I N D T E , L N O F R  C 1 9 9
CNIY C.C 11051 2
S T F E = S 1~~~i ( J O E l  3
S T F = S T F E 1 11051 (4
~H C t . H C F * 0 . C 1  0200

‘32 C- 1
N S K I P S I( I E+ C . C1  02 0 2
FS’ IA F T = l .  r 203
CALL BASIL ‘3234
IF(IFLkG.NE.O ) GO TC 50
B=P ( 1 ) — E PTN R 0205
BC~~F=EFt’1 (1) * ( H — H 5 )  . G F . 0 .  0206
F A Y E E C - = 1 .  ‘3207
P A Y 5 E 1~~C.  0 2 0 8
CA LL P F I N ’ I R  ( € H X M T R  ) 0 2 0 9
I~ ( P L T .~~E . 0 . )  C A l L  P A Y P I T  0210
PAY E FG= C. 0211

C ‘3212
C L C C E  ON ~U~~E !R CF H O P E  ‘3 2 1 3

DO 45 JHOP= l ,t4B CP
IH CE = JB C c
PA Y5ET= C. 0215
N U IE S I C  C216
APH ’I=H! 0217
IPCLAR = }IOLAR C2i8

C 021 9
C L C C I  CN ~A X I P 0 M  N U M B E R  OF ST E P !  P E E  B C E  0220

DO 28 .]i ,M A X 0 2 2 1
TP ( A B S ( F — E S ) . G T . A E S ( A P H T — H S ) ) ~P H’I = H 0 2 2 2
IF ( . N O h 5 P A C F )  CC 10 12 0 2 2 3
C A L L  R E A C H  0 2 2 4
I ! ( l F L A G .~~!.3) C-C IC 50
RSTAPT~ 1. C225
IF (IHCE’J.EQ .l) TPOLAB=P PCLAB 0226
IF (GRCU ~ C) CC ‘10 22 022 7
I F  ( P F F I ~- !)  CA !!  E R I N I R  ( 8 H E ~~R I G F E  ) 0228
1~ (THERE ) GO IC 40 0229
IF (M I N E I S )  CC IC 32 0230
I? (Plt .NE .O.) CALL RAY PL T 0231

12 DO 13 l=1 ,N 0232
R CL D (L) = F (L) 0233

13 ERCL E (L)=DBOT (L) C234
ICLE ’I 0235
CALL RNA N C23f
I P ( I F l ~~G . N E . O )  CC TC 50

-
~ 
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( 1= 8( 1) — E ~~B T H R  0 2 3 7
(4A S IYF= .N CT.IIOME ‘32.38
HCMF EFCT (1 )*(H—HE ) .G~~.0. 0219
X~ (CR01 (1) —CRC IE (1)) * (“I— ICLD ) C2~~)
SMT=0. 0241
IF (X.N!.0.) E 0 . ~~* (B(i) _

~~O LC(1 )+ ’ 3.~~*X)**2,AB S~~X) 0242
UNCFGD= (1.LT.0..CR .DPt’I(1 ).GT.0. .AN2 •E LE(1 ).LT .C ..AND.SMT .GT.~ 0243
P A S S E P = ( B — H S ) * ( F O I D ( 1 ) — F A F T H E — H S ) . L t . 2 .  ‘3244
IF (PASSFC .ANC .(.N- )T . tJNDBGC.OB .(1S.C1.C. )) CC IC 35 ‘3245
I F  ((1S.EC .5OLt (1)— RIHR .PNt .t8CLD (1)* -tT (1).1’I .0 ..A~~t. f(Cf~E) 0246

1 CC TO 39 0247
IF (HCME .AN D.WA SNI .AN D. (•N C T .t ~NLR GC. CR .l-E.c- ’I.3. )) GO T O 17 - 02 4 8
IF (UNtRc-D ) CC ‘10 18 C24~
GC ‘IC 23 0250

‘3251
C P A !  M A Y  H A V E  M A D E  ~ Cl O S E S T  A E L F C A C B  C2 ~~2

17 IF  ( S N I . G T . A B S ( h — E S ) ) GO ‘IC 36 0 2 5 3
NIJ T E S T 14 C 2 5 4
IF (~c ( 5 ) . N E . 0 . . C R . R ( 6 ) .N~~. 0 . )  C A L L  GFA ZE( HS) ‘3255
IF  ( U N E E R )  GO ‘I C 19 ‘3256
I F  (Nu ’IES’1.Eç .O.) GO TO 36 ‘3257
GO TO 32  0258

c 02~~9
C BA! WENT CN! )!RGRCUNE 0 2 6 0

18 IF (DRLT41 ).LT.C.) CC ‘IC 21 C261
19 UN tFB = .EALS ~~. 0262

C CA ll PBINTR 4EIIU N LF RG RE) 0263
00 2 1’ L 1 , N 0 2 6 4
R ( L ) = R C L E ( L )  ‘32~~5

2 0 E P D ’ I  ( L )  = L B C L D  ( L )  C 2 i - 6
T = T C L C  0 2 6 7
C A L L  B I N L E X  0 2 6 8
IF (IFLAG.NE.3 ) GO TO St ’

21 C A L L  B A C K  U P ( 0 . )  0 2 6 9
22 R ( 1 ) = E A B ’ I H R  0 2 7 0

R ( L ( ) = A E E ( R ( 1 4 ) ) C27 1
D PD I ( 1) A B S ( D R L T ( 1 ) )  C 2 7 2
R S T A R I 1. ‘3 2 7 3
C A L L  P F I K T P ( 8 F G F N E  F E E )  C 2 7 ( 4
IF ( H S . ! c.0 . )  CC  ‘10 141 0275
H 0 .  02 76
GC TC 25 0277

C ‘3278
23 IF ( CR 0 1 0  ( 1) .LT .0 . . A N D . B 1 R C T ( 1 )  . GT.O.) CALL FF1N TR (8HP FFIG~~F ) C279

IF ( E B C I E ( 1 )  . G T . O . . A N E . C E E T  (1)  . L T . D . )  C A L L  E E N T R ( 6 H A P C G E E  ) 0280
IF ( D P C L t ( 2 ) * D P D ’ 1 ( 2 ) . L T . 0 . )  (A L !  P B I K E ( 8 H M A X  LAT ) 02 8 1
IF ( D B C I E ( 3 ) * C B C T ( 3 ) . L T . 3 . )  CALL P R I N T R ( 8 H M A X  L O N G )  0282
DC 24  1= 14 ,6 0283
IF (BO1E (I) *R (I).LT.O.) CALL PBINT F(S H 4AV E R E V )  0284

24 CCN ’IINCE 0285
25 IF ( P L I . N E . O . )  C A L L  B A Y P L I  0286

IF (IFLAG.U. O) GC TO 50
IF (F.G’I.HMAX .AbD.H .GT .HS.ANC .DFET(l).G’I.O.) GO TO 30 0287
I~ (MCD (J ,M SKIP).EQ.C) CALL PBINTB (€H ) 0288

28 C O N T I N U E  0289
C )2 90
C E X C E E D E D  M A X I M U M  N U M B E R  OF S T E P S  0 2 9 1

N D T E S T = 2  0 2 9 2
P A Y ! F T = 1 .  C 2 9 3
CA LL PF INIR (8BMA X S ’ I E F )  029 4
R E T U R N  0 7 9 5
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C 0296
C R A Y  £ E N F ’ I F A T E D  0 2 9 7

30 N U I E S I 1 02 9 8
RA Y SE’I=l. C 2~ 9
C N L Y = 1 . ~ - ( J O E l  5
CALL PFINT P(891!NI’LFA ’1) 0300
P F T C R N  C30 1

C 0302
C P A E  M A D E  A C L O S E S T  A P E E C A C H  ‘3303

32 N U T F S T = 4  0304
E R D T ( 1 ) C .  C 3 0 5
P A Y E E T ~~1. 0306
C A L L  F R I N T R ( S B M I N 01ST) C 3O7
IF (PlI.(~!.O.) CALL FAY PLT 0308
IF (IBCP.C-E .!~HCR) CC IC ‘45 0309
IHCE IIICR+ 1 ‘3310
CAL L ERINIR (EH?1 I~ tIST) C311
GO TO 145 C312

C 0 3 1 3
C PAY CPOS !RE FECEIV ER EFIGHI 0114

35 IF ( H C M E )  GO IC 35 0315
36 C C t~7I K C E 0316

C C A L L  E F I N I R  ( S E X  F C V R B I )  C3 17
DC 37 I 1 ,N 0318
R ( L ) = F C I E  ( L )  C3 19

37 C P C ’ 1 ( t ) t P O L t ( I )  C 2 2 0
T=’ICLD 0321
CALL 9 1I~EEX C322
R S T A F ’ I = l .  0323

39 C A L L  B A C K  U P ( H S )  0324
4 0 R ( 1 ) = E A R T I I R + H S  C 3 2 5
(41 PAYSEI = 1 . 0326

CALL ERIKTR (8FR CYF ) C327
IF ( P L I . A E • O . )  C A L L  R A Y E L I  3328

45 H C M F = . T R C E .  03 2 9
R E T U R N  C 3 3 0

50 NUTFST 1
FYIE 5I 1.0
CALL PBflIB(8B CU’! lOS
IPLAG C
R E T U R N

E N D  0331

_
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S U B R O U T I N E  P A C K U P ( H5 ) 167 3332
EIMEN SIC1% N~~OPt1 (2 ) ,N WCBE2(2) ,N~ C R D (2)
C C N M C N  , R K /  M N , 5 1 F F , F C C ! , E I M A X , E 1 M I N ,E 2 M A X , E 2 M I N ,FAC T , R S T A R T  C 3 3 3
CCMMON / ‘ I R AC /  GROUN D , p !FIrp ,I R E F E ,N I K O IS ,D N E E R  0 3 3 4
COMM CN /FLG/ FTYP ,RN!~ W ,ENEhN , ~JYBEC-,RA!!!T,LINES ,IHOP ,NUIES’I,APHT 0335
COMMON F (12) ,‘I,SIP ,CRDT (12) /hW/ 10 (10) ,WO ,h (4CC) 0336
E Q U I V A L E N C E  (EAPIF ( E1,W(1 9)), (I?J T !F,h’(41)) , (S ’!EP1,W (414)) 3337
P E A L  I N I Y R  0338
LOGICAL tND ER 0339
CATA NW C PD1 ,NW C RC2 /~4HBA CK ,~4EUc ,L&HGRA2 ,4HE /
S’!P S- E ’ I P
N W C R D ( 1 ) = N W C R D 1  ( 1)
N W C F D  ( 2 )  N W C R E 1  (2)
00 1 1=1 1 10 C340
IF (DRL’1 (1) .!C.C.) GC TO 5 ‘3341
ST !P=— (F ( 1) — ! A B ’ I H R — F S ) / C R E I  (1)  0342
STP=SICN (API IN1 (ABS (SIP) ,A B S  (STER) ) ,STEE )

IF (A 8S (E(1 )—EA FTBB— HS) .LI..EE—4 .ANE .SIEE.LT .1 .) CC IC 5 03414
C C A l l  R R I N T E ( E P E C P I N G  ) 0345

MCDE= 1 0346
C A L L  R K A M  0348
C C N ’ I I N C E

C C3 S O
E N T R Y  G R A Z E  0351
S ‘B P S= S ‘11
N W O R D (1) hW 0R 02 (1)
N WO RD (2)  N W 0Rt 2  (2)
DO 2 1=1 ,10 3352
IF (DRET (t4) •EC.C.) GO TO S 0353 -:
STEP=—P (4)/CR!’! ((4) 03514
STP SIGN (AMIN1 IAES (STP) ,AE S (STEP)) ,ETEE)

IF(ABS( R (4)).LE.1.P—6.AtlL.ST !F.L1.1.) CC ‘10 5 0356
C C A L L  E R I N I F ( E H R C E I N G  ) 0357

R O L D B ( 1 )  0358
M C D E = 1  0359
C A L L  P M A F  0361
IF (R (1)—EARIHB .LT .C.) CC 10 ‘4 0363
IF  ( ( R ( 1 ) — E A R T H R — E S ) * ( R O L C — E A ! ~T 1 i R — H S ) . L T . C . )  CC TO 3 0364

2 C O N T I N U E  0365
CC IC 5 0366

3 NUIEST=O 0367
GO ‘10 5 C368

14 UNDEB = .IRUE. 0369
5 MODE IN’IYR+C.Cl 0370

STEF S ’ ! E P l  0371
SIE=S’I!S
RSIAT1T= 1.0
CALL EFflTR(NWCR!)
R E T U R N  0372

0373 

-- Al
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SUERO U IINE BKAM 168 
‘3888

C NU M E RI CAL INT EGRA T ION CF CIFIEBENT IAL FCUAT ION S 3889
CCMM CN /FL~ GS /IE1AC
C C M M C N  / F K /  N Il , !EAC E , M C D E , F1 M A X , E 1 M I N , E 2 N A X , E 2 N I N , P A C T ,R S T A R ’ I  3890
C C M M C N  Y ( 1 2 ) , ’I , S ’ 1EP ,C Y C T ( 1 2 )  / W W /  I C ( I C ) , W C ,N ( ( 4 00)
C IME NS IC K UELY (4,12) ,~~FT ( (4 ) ,XV (3) ,P’4 (4,12), YU (5, 12) 0892
B!A L *R YU
F Q U I V A I E E C F  ( E A F T F R , W ( 1 9 ) )  , (H M I t ~,W (39))), (HMAX ,N ( 3 9 1 ) )
C A T A  X P P ,’ l . O E — €,
IF ( R S T P F T . E ç . O . )  CC IC 10 0 0  08 94
L L I  CR 9 5
M M 1  C896
IF (MOEF.!Q.1) F M L  0 897  —

A L P I I A I 0898
E P M = 2 .C 0 899
B ! T ( 1 ) = C . 5  C9 00
E E T ( 2 )  =0 . 5  09) 1
PET (3)=1 .O 0902
T~FT(4)=O.0 0903
R=19.0/270.) C905

0906
IF  ( E 1 F I N . L E . C . )  E 1 M I N = F 1 M A X / 5 5 .  0937
IF (FACT.LE.0.) FAC T= 0.5 0908
CALL HA S FI 0909
IF(MODE .N! .1) !TEP=SPAC F 1/28/71
IF(IFLA G.U .0) GO TC 100
DO 320 1 1 ,NN 0910
F V ( M M ,I ) = E ! D T ( I )  0911

320 YU (FM ,1) Y(I) 0912
F S I A R T = O .  09 13
GC IC 1 CC I  0914

1000 IF  ( M C C P . N E . 1 )  GO TO 23 00  0915
C 0916
C F U N G E — K U T ’ I A 0917

tRl=DYDT (1) *SIEI
D82=I (MIN 4 !AFTHE—T (1)
IF ((DP1.LI .DR2).AAD- (D82.LI.0.C)) S1!P tF2/CYDI (1)+XMN
1111 3=HNAX 4 !ARTHR—Y 41)
IF ((DR1.GT .DRE).AND .(CR3.GT.C .C)) S1!P tR3~ LYtI(1 )+XMM

1001 DO 1034 K= 1 ,4 0913
CC 1350 1 1 , M N  0919
E E L Y ( K ,I)- S’IEP*FV (NN,I) C 920
7= Y t ( F P ( ,1) 0921

135) Y ( I )  = Z + E E I  (K)  •CELY (K ,I) 0922
C 923

CALL HASE L 0924
IF(I?LAG .N!.0) CC ‘BC 100
CC 1034 I= 1 , N A  0925

103(4 FV (MM ,1) CYDT (I) 0926
DO 1C3S I~~1 ,N I I 0927
t!L= (DEL!(1,I)*2.O*D!LY (2,I)+2.C*DEL !(3 ,I).DFLY (4,I))/6.0 0928

1339 YU (MM + 1 ,J )= Y U( MM ,I)4DE L 09 29
0930

XV (P(N)=!V (MM—i) *S’1!R 0931
CC 1400 I~~1,N.N C932

1400 Y(I)=!U(MM ,I) 0933
0934

CALL BA S iL 0935
IF(IFl~ G .I4E.0) GO ‘BC 100
IF ( M C D P . B Q . 1 )  CC ‘BC 42 0936

_ _ _ _  _ _  --
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CO 150 I 1 , N N  0937
150 P V ( !’M ,I)=tTtT(I ) 0 c 3~

IF (MM .L!.3) GC ‘BC 1001 ‘3939
c 09 ( 40
C A C A P S — M C L L T C M  09’4 1

20 0 3  DO 2 O~4 8  1=i , N N  0542
DEI= STEP* (55.*FV (4,I)—59.*FY (3,I),37.*FV (2,I)—S .*FV(1 ,I))/214. 0943
Y (I)=YU( L4 ,I) +LF L ‘39 14 (4

23(48 DELY (1 ,I )~~!(I) 09(45
T=XV ( L4)45~F8P C9 l 4 6
CAL L HAZEl C~~(47
IF (1FLA G .NE.O ) GC TC 100

‘0948
DC 2 0 5 1  I=1 ,N N  C9L4 9
DEL=STFP* (9.*DYET (I)I-19. *FV(4 ,I)—5 .*EV (3 ,I)4FV (2,I))/214. C950
TU (6 ,I ) = Y U  ( 14,1) jOEL C951

2 0 5 1  Y ( I )  = Y D  (5 ,1) 0952
CALL IUSEL C 953
IF(IELAG .K!.O) CC ‘BC 100
IF (MCCE .LE .2) CO T~ 42 C954

C 0955
C !F B C B  A N A L Y S I S  0956

SSP= C.C ‘3957
00 2033 I=1 ,N14 C958
!PSIL=R*AR S (Y(I )—CEI Y (1 ,I ) )  C9~ 9
I? (M OCE .EQ.3.A $D .Y(I).NE . ’3.) E FS IL=E PS IL /AES(Y( I )) 0960
IF (SS!.LT.EPSIL) SSE=EP S IL 0961

3033 C O N I I N U E 0962
IF ( E 1 N ~~X . G ’ 1 . S ! E)  GC ‘BC 3035  C 9 6 3
IF (ABS (STEP) . I E . E 2 Y I N )  GC ‘BC ‘42 C964
L L 1  0 965
M M = 1  0 9 6€
STER=S ’1EP*FAC ’1 3967
CC ‘BC 1CC 1 0968

3035 IF (LL.L !.1 .OB .SSE .O-E. E 1MIN.C F .E 2NA X .LE .ABS (STE P) ) GO 10 42 0969
LL= 2 C970

05 71
XV( 2) )V (3) C972
XV(3)=XV (5) C973
D O 5363 I= 1 ,N N  C97~F V (2,I) E V (3,I) C975
FV (3,I ) t !D T ( I )  0976
TU (2,IF YU (3 ,I) C9 77

5363 YO (3,I) YU(5 ,I) 0978
STEE=2 .C *STE P 0979
GO ‘IC 1001 C980

C C98 1
C !~ IT B C U T I N E  C982

42 11z2 ‘3983
NM=4 09 8L4
CO 12 K= 1 ,3 0985
XV (K) =11 (K + 1) 3986
tO 12 I= 1,N N 0987
P V ( N ,I) P1(K+1 ,I) 0988

12 Y~J ( K ,I ) = T U ( K + 1 ,1) C989
IV ( 4 ) 1V ( 5 ) 0990
DC 52 l=1, N N  0 9 9 1
PV (44 ,I) tTCT (I) C992

52 Y0 (4 ,I ) z T U ( 5 ,I) 0993
IF ( f lO t ! . L ! . 2 )  ~ E1U8N 09911
E=AES(II (l4)—A IEPA) 0995

4- -~ -~~~~ ‘ - . . - --‘fl - . 
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IF ( E . L E . E P M )  CC 10 2000 C 9 9 6
E P M = F  0 9 9 7

100 P E I U R N
E N D  ‘09 99

~~~— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~_ _~~~~~~~~~~~~~~~~~~~~~~
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SCEFOUTINE PEINI B (NWH!) C’493
C PRI NT! A LIN E EACH TIME IT IS CA LL EC 0 4 9 ( 4

D I M F N S I C N  C (3 , 3)  , C1 (3 , 3)  , A 1  ( 3 )  , t I ( 3 )  ,C1 (3)
1 ,’II’1LE1 (1-0),11T1E2 (I C),UNII (1 O) 3 1496

C I N F N S I C N  N W H Y  ( 2 )  ,I P L N K  ( 2 )
CC~~F C N  , C C N S T,  EI ,P112,P112 ,t1G5 ,RAE ,CUf’(3) 0497
CCNM ON ,FK/ N ,5I !P,M C C!,E 11!AI,E 1NIN ,!2 M A X ,E 2 M I N ,F A C T ,85’IART 31498
CCEM CN ,FIN/ N2 ,NUX ,PN2 (8),TFCLAF (2 ) ,FC IAR (2),S P A C F ,C O I L ,F I F L C  0(499
CCrN CN /ELG/ NTY P ,RNEWW ,RN E W N ,RA yBEc .,B A Y S F T ,I I US ,IHo p,NOTE S’I,A pHT ‘3500
COM M CN 9(12) ,I ,W W/ It(IC) ,hC ,U(400) 0501
CCM PCN /XX/ X ,F X F F .!XP’!H,F I P F H ,FXP’1,E M A X  501 K Y  1
C O N M C N  ~ V E R N 1 /  V P  ( 2 5 0 )  , V N F F  ( 2 5 0 ) , V N P T H  ( 2 5 0 )  , V N E P H  (250) 50 1  K Y  2
C O M ~~C N ,V r R N 2 ~ VBP N c-E (25C) ,V HT 4250 ) 5 0 1  KY 3
CO M M C N  , N C O P I ,  N P R I N 1 , K C PI ,~~P F’t  501  K Y 5
CC PPCN /FPLD/ 51EEC 50i~ KV £4
EQUIVALENCE (IEETA ,~ (2) ) , (P H I  ,R (3)) C502
EQUIV A LENCE (F ,W(3 )), (PLCN ,w (13)), (LCN ,W(14)),(PLA’I,W(15)), 0503

1 (LAT ,W(1 6)),(PITP ,N (17)),(AZ 1 ,h(18 )),(EA R ’1EF,W(19)),(XMTRH ,W (20)) 0504
2, ( P 0 , W (280) ), ( P 8 ,4 ( 2 8 1 ) )  , ( P 9  ,W ( 28 2 ) ) 0505

EQU I V A L E N C E  ( P A F G E ,W (3814)), (A ZEEV ,9 (379)), ((1,4 (383))
E Q U I V  A L E N C E  ( R 2 I T  , W ( 3 7 2 ) )  , (83L1 ,W (373)) , ( A Z A , W ( 3 7 4 ) )  U O F I  1
PEAl N2 ,I C N ,L A I ,M CX 050 6
DAT A A1 ,E1 ,C1/1F!,1HBI ,1HO , 1#X , iRE , 1(19, iF ! , 1(11, 1HD/
DATA ‘1ITIP1(7),’BI’1LE2(7),UNI’I(7),4H RH.,’AHPA’IH ,14H KM/
D A T A  TI ’IIIE l (8) ,‘II’TL!2 (8) ,UNIT (8),’4H ABS ,IIECFPN ,4H 08/
D A T A  T I T L E 1  ( 9 )  ,T I T L E 2  (9) ,UNIT(9)/4H COE ,4HPLER ,4H C/SI
DAT A IE LN K/2 *4H
P7=C • C
P8~—C • C

IF (PNE~ 4.EC.C.) GO ‘IC 8 0512
C 0513
C NE W N AR RAY —— REINI TIAlIZE C5 14

3515
SPL=SIN (PLON— LCN ) C5 16
CPL=S IN(FIC2— (PICN—ICN)) 0517
SP=51N(PLAT) 0 5 18
C P = S I N ( P 1 t 2 — P L A I )  0519
SL SIN (LA’!) C52’)
CL S114 (R1t2—LA ’I ) 0521
G( 1 ,1)=Cr l*SP*C I—CP *SL 0522
G(1 ,2)=SPL*SP 0523
G(1 ,3)=—S1*SP*CPL—CL$CP 0524
C (2,1) =—S PL*CL C525
G(2,2)=CFI 0526
G ( 2 ,3)=5 L*SPL 0527
G ( 3 , 1) C 1 *C P * C P I + SP * SL  0 5 2 8
G ( 3 , 2 ) = C E * S P L  0529
G ( 3 ,3)=-SL*CP*CEL 4SE *CL 0530
DENN =G( 1 ,1) * G ( 2 ,2 ) * G ( 3 ,3) +G( 1,2 ) $ G ( 3 ,1) $ G ( 2 ,3) .G(2 ,i) * G ( 3 ,2) *G( i ,3 0531

1 ) — G (2 ,2 ) *C ( 3, 1)*G (1 ,3 ) — G ( 1 , 2) *’3 ( 2, 1 )t G ( 2 ,3 ) — G ( 1 , 1) * G ( 3 ,2) *G ( 2 ,3) 0532
G 1 ( 1 , 1 ) = ( G ( 2 ,2 ) * G (3 , 3 ) — G ( 3 , 2) tG (2 , 3 f l / C E K M 0 5 3 3
G 1 ( 1 ,2) (G ( 3 ,2)tG (i ,3) — G (1 ,2 ) *G (3,3))/0Et4 M 0534
G 1( 1 ,3)=(G (1 ,2)SG 42 ,3)—G (2 ,2)*G (1 ,3 ) ) / C E F 4M 0535
G 1 ( 2 ,1 ) = ( G ( 3 , 1) *G (2 ,3 ) — G ( 2 , 1 ) * G (3 ,3 ) ) / E E E 4 M  0536
G 1( 2 ,2) ( G ( 1 ,1)’G (3 ,3)—G (3 ,1)*G (1 ,3))/CEPN 0537
G 1 ( 2 , 3 ) = ( G ( 2 , 1 ) * G (1 , 3 ) — G ( 1 , 1) * G (2 , 3 ) ) / L I N P I  0 5 3 8
G 1 ( 3 , i ) = ( G ( ~2 , 1 ) $ G ( 3 , 2 ) — G ( 3 , i ) * G (2 , 2 ) ) / D E N N  C 5 3 9
G i (3 , 2 ) =  (G (3 , 1) •G ( 1 , 2 ) — C  ( 1 , 1 ) * G  (3 , 2) ) / D E N M  05 ( 4 0
G 1 ( 3 , 3 ) = ( G ( 1 , 1) ’G(2 , 2 ) — G ( 2 , 1) *G(1 ,2 ) ) / C E N M  C5 ’41

• -
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RC=EAF ’I FR 4XITPH 0
XR F0*G(i ,1) 0543
YP= FO * C (2,1) C5414
ZP F0$G(3 ,1) ~~~5L4 5

CCS ’IFB=G (3,1) ‘3514 6
SIW ” HR= SIN ( A R C C S  ( C C S ’ 1( I F )  ) 0547
F F 4 I C  A 0 A N 2 ( YR ,~~R) C5 (48
A L P H = A T A N 2 ( G (3 ,2 ) , G(3 ,3 ) )
I! (F8.N!. O .) PUNCH 5, Fl (NTYF) ,It C550

5 F O R M A T  ( 7 1 , S A S , A 7 )  05 51
I F  ( P 9 . N E . 0 . )  P U N C H  5 , C l  ( N ’ B Y F )  ,It  0552
IF  ( E 7 . N E . 3 . )  P C N C R  6

, Al (N TYF) ,ID 05 5 3
f ~~~~~~~~ ( A 1 , 1X , S P S ,A 6 )  055 14

C 3555
8 IF (RAYE PC .EQ.C .) GC ‘10 12 0556

N N = F I N C ( N , 9) 355 7
P R I N T  10,  ( T I T l E  1 ( N P )  ,T T T I E 2  ( K R )  ,N R ~~7 ,N N )  0558

1-0 FOBrPT (6 1X ,7 H A 7 I M U I H /6 C~~,9HtEVlA ’1ICN,7X ,9HEL !VATICH/2CX , 15HIiEIGHT
1 PANGF ,3:-:,3HrS1,3X , 1 1 H C O L A T  L C N G ,2 (5X ,12HX ’~TF LCC A L ) ,  560 KY
2 2X ,’2HP CLARIZ A IICN ,2X ,SH GR.PA’I H,4ALJ ) 561 NV
PRINT 11 , (UNIT(NF ) ,NR= 7,NN) 0562

11 F C R F A T  (16X ,2 (OX ,2FIKM ),4X ,
2 3 H 13 E G , € ( 9 , 3 H C E G ) , 3Y , L4 H F P A I ,14X ,4 H I B A G , 563  N V
1 5X ,2HK M ,1X ,2 ( A 6 ,2 X ) )  5614 KY

12 V= 0 . 0565
I? (N2.NE .0.) V (R(14)**2+F (5)**2+R (6)** ),N2_1. 0566
I1=F( 1 )—E A PTHR ‘~567
SIN ’IH=EIN(THETA ) 0 56 8
COS’IH=SIK (P102—THETA) C5€9
X P = F ( 1 ) * 5 I N ’ I H * S I N (~~I C 2 — F H I ) — X R  0570
YP= F(1 )*5INTH *SIN 4PHI )— YR 0571
ZP F (1) ‘CCSTH—ZF 0572
E F S = X P ~~G 1 (1 , 1) ‘Y P ~~’fl (1 , 2)  + Z P *G 1 (1 ,3) ‘0573
!TA=XP*G1 (2 ,1)+YP*G 1 (2,2)+ZP*G1 (2,3) 05714
Z!’1A=XP~~G 1 (3 ,1) 4YR*G 1 (3,2) +ZP*G 1 (3 ,3) C57 5
R C E 2  = E T A * * 2  + Z E T A ’~ 2 3576
PCE=S~~F’I (8Ct2) 0577
R A N G E = F C * A T A N 2 ( R C E , B 0 + F P S )  U C E T  2 —

A N G D E G = A ’ I A N 2  ( 8 ( 1 4 )  ,S Q R T ( a  (5 )  * * 2+ 9  ( 6 )  ‘~~2)  ) ~ D E G S  3579
S R ’ S Q R T ( E C E 2 4 E P S * *2) C58 0

C
C CHANGE S MADE EY A RCCN CCRV. 13! K . V A N G U R I  580 KY 1
C
C STORE TH E E L E C T R O N  D E N S I T Y  P R O F I L E  A N D  T H E  t E R I V A T I V E S  580 KY 2
C CALC UL A T E  N T H E  !L E C T R C N  C E N S I T Y  I N A F F L E I C K  — H A P T B E E  F C P M U L A  580 K Y 3
C N = 1 2 1 4 C 0 *F * * 2  * I E L E C ’ 1 R C N S / C ! J E I C  C M .  580 K Y  4
C EN/ C R  — EL/CC/KB .
C t N / C ’ IH — EL/CC/EEC
C F = F R E QU E N C Y  I N  M H Z  56 0  KV 5
C EN/E RR — FL/CC/DiG
C DERIVATIVES CF EL. CFN . N.F.T. B,IH ,PE A B E  CCMPUT!D BY
C M U L T I E L T I N G  P~~P P , P X P T H , P X P P H  W I l E  ‘IRE CCN STANT C.
C

C = 124CC .’) * F ** 2 580 KY1 O
M P R T  = M F R T  + 1 580 E V I l
C A L L  F L E C I X  5 8 0  K V 1 2
VN( M PRT ) = 1 2 4 C C . C * P 4 * 2  *X 580 E V 1 3
V N F F  ( M F F T )  = C * PXPP 580 NV14
Y N P T H ( ~~P B T )  = C * P X P T H  • R A t  580 E V 1 S
V N P P H ( N P F T )  = C * PXFPH * FAt 580 KV16
V~~A N G E ( M t 3 ’ I )  = R A N G E 580 K V 1 7  
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V H T ( N P F ’ B )  H 580  ( ( V i e
IF (KOPT .ic .3 .ANC .NWI ’Y(l ).EQ.IBLNIq1 ).AN r.NWHY (2 ).EC.IBLNK (2) ) PFIU

1 R N
C P R I N T  C C I A T I I t C E  A P E  L C N G I I U t E  SeC KV2 1
C 82 L 7  IS C O L A T ! T U D E  T I N E  R 3 L T  IS LCNGITUEF 560 K V 2 2

B2L’I = F (2) * EEC! 58’~ KV23
93L 1 = !4 3 )  * DiG ! 580 KV2 14

C
C C C M P U T E  S I C E G  — A N C I  B!T~~V FN  W A V E  N C R B A I  A N D  THF MA GNETIC FI !LD5POKV27
C ** CALL M A C! iCE CP ’1ICNS 1 + 3. ** C A L L  TR U F L E  FOP c ’FT IO N 2. ** 553 V28

CALL TRTJEIC OPIICN 2
C

IF (SB.G!. 1.!—2) GC ‘IC 20 3581
R I N T  1~~, V ,N W H Y ,11,R A N G ! , SIC!G ,92L1 ,R3 1 ’1, 5 82 NV 1

1 A P C D E G ,I C L A E , ’1. ( B  ( I )  ,I=7 ,N N )  552 KY 2
1~ F O R M A T  ( l Y , E 8 . 1 , 1X ,2~~4 , P E . 2 , 1X ,E e . 2 ,3F 7 .i , 23 X , 6P8 .2 ,F 6 . l )

GO ‘IC £40 C 58 L4
20 A KGi =A TAN 2(ER! ,ECF) 0585

F L= AN G !*DEGS 0586
IF ( R C E . C F . 1 . E — ) GC I C 3C C~~87
F E I N T  25 , V ,NW (1Y ,E,F A N G F , SID! G ,F 2 L1 ,R3L’I ,

1 EI ,AN GLEG ,ECLA F ,T,(F(I),I=7 ,NK ) 588 EV 2
25 PCRMA’I (lX ,E8.l ,1X ,2 P 4 ,F8.2 ,1X ,EE.2 ,3F3.l , l 5X , 7F8.2,F6.1)

GO TO (40
30 AN GA =ATAN2 (FTP ,7!IA) 0591

I N A = A N C P — P L P H  0-5 92
S I N A N A = E i N ( A N A )  0 593
SINP HI=SIP A NA * S IN IH F /S INT H C59 4
COS PHI=— 51N (P 1L2— A N A ) * S I N ( R 1 t 2—  (FH I—RtIIB ))+SI NA F4A* S IN( EI-4I— PH IF )* C5~~

1 C O S I F F  C59 6
AZCEV= 18C. —AM C E (5140.— (AZ1—ANGA )*EEGS ,3€C.) 3597
IF (F(5).NF.O..CR.R(f) .NE.C.) GC IC 34 ‘3558
P R I N T  33 , V.NW EY ,H,RAN G E , SICEG ,92L’!,93L’I,

1 A Z E ! V ,FL ,A ! I G D E C,P C L A B ,T, (P(I) ,1 7 ,N(i) 599 NV 2
33 F O R M A l  ( 1 X , E 8.  1 , l X , 2A14 , P8. 2 , 1X ,F 8.2 ,3F7. 1,E E . 2 ,7X , 7FP .2,~~6. 1)

GC ‘IC UC 0601
31~ AZ A=1 8C. — A N C E (540.— (A TA N2( S IN PHI ,CC SRHI )— A IA N 2 (F (6) ,B ( 5 ) ) ) *DE GS , 602

I 36C.) 0603
PRINT 35 , V,N4HY ,H.RAN GE , S1DFG ,9211,931’I,

1 A Z E E V , A Z A , E L , A N G D E G , F O L A B , ’I , ( B ( I ) , I=7 , N N ) 6 C 4  N V  2
35 F C BMAI (1x, F8.i ,lX ,2A14 ,F8.2 , 1X ,F6.2 ,’4F7.i, 8FR .2 , F6.1)

C
C

40 I I P F S 11Ni S+ 1 3606
IF (N.Li .9) GC ‘IC 145 0607
P R I N T  42 , (B (i), IrlC ,N) 0608

£42 FCBPAT (11OX ,3E6.2) 609 NV
LINFS LI14F S+1 C610

145 IF (RAYSI1.Eç.0.) R E T U R N  06 1 1
E L A = B E ’ I A ’ C E G S  C6 12
IF  ( H . I i . l . )  A N G D E G E A B S ( A N G E E G )  C 6 i 3

C 0614
C 3 — C  F A Y S E T S  C6 1 5

IF (P8.Eç.0.) CC 10 55 0616
‘I LC N = LC N *t !GS C6 17
I! (TLCV .LT.O.) TICNZTLCN ,360. 0618
TLAT =LA T ’CE GS C6 19
IF (‘ILAI .LT .O .) TIA’!ZTLAT ,360. C620
A Z= AN GA*LI GS 0621
I? (AZDEV .Li. —100 .) A ZDET zA ZCF Y +360 . 0622
IF (AZA .IE . —l CO .) A2 1=A’ ZA +360. 0623
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P U N C H  50 , Bl (PTYP),!E(1),I N I R H ,T L A I ,’ILCN ,H ,E A N G E,4Z,F,I H O F , 0624
1 A Z L E I , A1A , E L A , Ati c - D E G ,I P C L A R ,R C I A R , N t T i S ’ 1  C 6 25

50 F C P M A T  ( , l , A 3 , 2 1 P 6 . C , 1P 2 P 4 . 0 , 2 P i € . 0 , 1 PF 6 . C , F 5 . O , 3P F 7 . 0 , I1 ,2 P ’4 P 5 .0 , 0 6 2 6
1 l r 1 4 F ’4 . C, l i )  ‘3627

C C€ 2 8
C SU ER . FA TS EIS 0629

55 IF ( P 5 . N E . 0 . ) P U N C H 60 , C 1 ( N T Y P ) , I E ( 1 ) , F ,I H C F , E L A , ( R ( I ) , 1’7 , l 0 ) ,  C 6 3 0
1 T ,N : U ’ I E S T

6-0 FCRM AT (A l , A 3 ,3PFO .C ,I l ,2P!5.C,CPS?1 .U ,I 3 )  0 6 3 2
c C 633
C 2— 0 RAI SE ’ !! C63 (4

IF (NUIP5I.NE.0 ) A PFI H 0635
IF (P7.N!.O.) JNCII 70, A1(N TYR ),IC(1) ,P ,I H C P ,E L A ,ANG DEG ,T ,R (7), C 6 3 6

1 R A N G!,A P H T ,NC ’ IEST 06 37
70 FORBA T 4 A1 ,1X ,A2 ,3PP1.0 ,I2 ,’~PF1C.5 ,F9.5 ,3F11 . 14,Fl2 .5 , 11,11) C 6 3 8

R E T U R N  ‘3639
E K E  0 6 (4 0

I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — ---
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SUFFCU ’IIN~ ADJU!’ !
C A SUHRCUIINE IC AEJ US ’ ThE !LEVA ’IICP. ANGLE FETA
C AZIMUTH TOL ERA N CE ‘3! SPECIFIED IN K M  T H E N  C C N V E 8 ’ ~F C T~) F A C I A N S

EI~~FN S ICN Al (3 ,3) ,B1 (3) ,Cl (3) ,00 B1 ( 5 )
CCPPC N /CCN S ’ !/ E1 ,R1 ’B2,D1t 2 ,r!C.S,F A E ,E U M (3)
C 3NB CN 1 (12) ,1 ,Wh/ ID (1-3) ,W 3 ,W (1400)
CCMM CN /DEN SC/ LEN !(52), EI’I (52) ,ELPAN J( 51 ,3,2).APPC-X (8,2,2),F TI-)

1 , N M A X  ,N S ’I A R T  ,JE IA C-, K S C L , EPIIIN (2 1) ,J J J M 1
CCMM CN / E K / N ,ST5F ,M C E 8 ,D U M Y ( 5 ) , F S T A~E’!
C C r P ’ C K / F I N /  N2 , MU x , E N 2 ( 8) ,TOLAR( l 4) , SPA C E S C C I L ,F I E L D
C JMr CN /KCOPT/ KPFIN ’l,K C E T ,M P R T
B F A I  N 2 , P U X , PiU
E Q U I V A L E N C E  ( G B A N G F ,W ( ~~5 5 ) ) , ( C P A N C E ,W ( 3 8 1 4 ) ) , ( B E T A ,W ( 1 7 ) ) ,

1 ( C C N T R L  , ~ ( 3 8 6 ) )  , (I~~1EPE ,W (3 8 7 ) )  , ( A Z 1  ,W ( 1 5 ) )  , (DC , 4 ( 3 7 5 ) )
2 ( A L P H A ,4 (~~76) ) , ( T H U , W ( 3 7 7 ) ) ,  ( P I I C , W ( 2 7 8 ) ) ,  (AZ [EV ,W (379)),
3 (AZA , W (3714)) , (EETAT ,W ( 3 8 9 ) ) ,  ( ( 1,4 ( 3 8 3 ) ) ,  (P2LT. W ( 3 7 2 ) )
14 (R3LT ,4 (373) ) , (}A RIF B ,W ( i c )

DAT A Al  4 1 ,1) , P1 (2 ,1),A 1  (3 ,l)/3*1 .C/
C SET UP TF! M AX I M UM  FilCH ’! FOR GFCUN T — S A T E L L I T E  C A S E

I F ( N S O I . E C . ’ 3 )  R E T U R N
NHC P= 4 (25 14) + 0.  1
((C NT ?L CC NT RL
BA tiUS =~~A FTHR+W ( 4 0 )
I F ( C R A K G E . N E . C . C )  CC TO 8C6
A2 TCL=TC IERE /FALI US
CC ‘DC E C~806 AZ ICL TCLEBE/ (RACIUS*SIN (GFANGF/FAE]US)

807 DA? ’ICl=A2T0L~~t i C S
P R I N T  E ’3 8 ,T O L E R E , 0A 2 ’ !C L

80 8  F O P M A T ( l X , 1 6 F F A N G F  ‘ B C L ! R A K C E ,F 1 2 . 6 ,3H Et1,2 X ,1€HA ZIBrITH TOLF FAN C !
l ,P12. 6,€ F  D E G R E E S )

A Z 2 A Z 1
DC 800 11L 1, K S C I
I N C F 0
CON ’I =C ’ .’3
F R I N T  6 0 5

805 F O F M A T ( 1 F 1 )
IF(W(36 C) .NF .l .C) CC ‘IC 2(49
P R I N T  25 ,L I L

252 FOPNA T(21 ,26EFCB!NG FOB SCLU ’IICN NUBEE },I3 )
C SE’! UP A N  I N I T I A L  SL C P F  F A S E t  U I C N  F L A K E  G E O M E T R Y  C C N S I L F F A T I C N
C FO P S A T E L L I T E  ‘IC C - R C C N D  CF GECU NC ‘IC SA’IE LIIIE CASES
2(49 DINCF=~ C~RAt4 G F , (5IN (AFRC X( LL L,1 ,1))*CCS(AP8C )(LLL,1 ,1)))

I P ( W ( 38C) . N ! . 1.C )  CC ‘10 2 5 3
DTNC R C .C
INDEX ARF CX (LLL ,2,1)
tO 2 54  1 1 ,N H C E
D I N C R E I N C F + (F L F A K J (I N t E X ,2,I )— EL BAK J(IKtT~~— 1 ,2,I))/

1 (E L F A N J ( ! N D E X ,l ,I ) — F I F A E J ( I N D E X — l ,1 ,1))
25 14 C O N T I N U E
253 CCU !Yt=C .C

E!’IA A E B C X  (LL L ,1,1)
I P ( W ( 3 8 C ) . N E . 1 . C . C R . N H O F . K F . 1 )  GC ‘BC 3CC
CO 263 I l ,J J J M 1
I F ( F E T A . G T . C B M I N  ( 1 + 1 ))  CC IC 260
JJK=I
BLEFT t F I ~I N ( J J K )
BBI GHT=EEMIN (JJK+1 )
CC ‘10 3CC

260 CONTINUE

- 
~~~~~~~ •  -
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C E R R O R  I N  CO~~D t T I N G  ( 1 C N I N G  A N G L E
F E I N T  6 1

261 FCRBA ’I (2!,33H ***EFRCR IN CCM PUT ING HC M XN r , ANGLE * * *)

GO ‘DC 5CC

~CC C A L L  F A Y I t 4 T ( A Z l ,F P ’ I A )
FL F ETA 4EFOS
A Z3 A 7 1 ’DE G S
P R I N T  6

~~,EL ,AZ3
I F ( b ( 3 8 0 ) . N F . 1 . C . C P . t 4 M C F . N i . 1 )  GO ‘IC 30 ’
I F ( F F ’ D A . I I . B L ! F I . C R . P ! ’ D A . G T , B R I G H T )  GC ‘I C 7 0 0

3 ’3 l  C A L L  T E A C E
P R I N T  7 6 , ?2L ’l , R 3L ’I , P 7 D ! V ,A 2 A

75 F0F ”~A T ( l Y , 1 0 F R A Y  CO LA’I = ,E 1 2 . 5 , 2 1 ,9 H F A Y  L C N G = , F l 2 . ~~ , 2 X ,
11I4 H F . A Z E E V  AT ‘ D . , F l 2 . 5 , 2X , 1 E H L C C A L  A Z C !V  A’!  P . = , F l 2 . 5 )

IF (~. 
(7914 ) .ME. C.C) C PAN G E=1

I F ( P E S ( G B A N G ! — C B A N G E ) . L E . T C L F E 4 F )  GO ‘JO S O C
IF ( I  . G T .  ( 4 ( 4 3 )  4 0 . 1 )  . C R  . H . L T .  ( W ( L 4 3 ) — 0 .  1 ) )  GO ‘10 180
t~PFT=
E l  ( l ) ’~C BAN G E

N A l ( 1 , 2 ) = E E T A
A 1( 1 , 3) =?  1(1 ,2) ‘~ 2
IP(INCB .Ec .-0) CC TO 310
C I N C F  ( F l ( 1 ) — E ’ 1 ( 2 ) ) / ( A 1 ( l , 2 ) — A l ( 2 , 2 ) )

C INTFFP CLA ’DF . LINE AR LY IF ROSSIEL !
IF (r1 (1).L’r .GRANGE .AME .B1(2 ).L ’I .GRANGE ) GO ‘IC 31’3
IF (Fl (1) •GT.G BANGE .ANE .E1 (2) .GT.CRANCE ) c-C ‘IC 3 10
F= ( E l  ( 1 )  — 9 1  (2)), (Al (1,2)—Al (2,2))
A = R 1 ( 1 )  — E S A 1  ( 1 , 2)

GO ‘IC SSC
C INCREMENT OP DE CREMENT ThE A F P R C X I M A T F  EL FVA’I ICK UTILIZING THE
C S L C T E  CF THE I— F C U R V E
310 t IFEP=CPAN GE—C F!N GE

EETA=EETA +DIFP F,D !NC P
IF( FE ’ I A . G T . C . O . C B .W ( 3 8 0 ) . N i. 1. 0 )  CC ‘IC 3 12
IF(CCNT .!c.1.C) (~~~ ‘IC 2 l O C
E!’ IA = O. O
CC N ’ B l . C

3 12 C A l L  P A Y T N T (A ? 1 ,B E T A )
EL F Y I P * C E G S
A Z3 P 7 1* Di CS
P R I N T  5~~, E L , A 7 3
IF (W(380).NE .1.C.CB .N (ICO .NF.1 ) GC ‘IC 311
I P ( F E ’ ! A . I ’ ! . B L F E ’ I . C R . B F ’ 1 P . C 7 . E~~i C - F T )  CC ‘IC 7C0

3 11 C A L L  T R A C E
P R I N T  75 ,F21’I,R3 L ’ B,A Z E F V ,A2A
IF (4 (3914) .NE . C. C) C F A N O F = ’I
IF(A FS (GFA KGE—CFANG F ).LE. ’ !CLERF) GO TO SOC
IF (h.GT. (W(L$C)+C .l) .CR •H.IT. (W (40)—C.l)) CC ‘IC 780
M P B’I = O
P1 (2) = C F A N G E
Al  (2 , 2 ) = F E T A
A l  ( 2 ,3) =A 1(2 , 2) ~~
D I N C B  ( E l  ( 1 ) — E l  ( 2 )  )/  ( A l  (1 .2 ) — A l  (2 , 2 ) )
INC F= IN C F+l

C IF  T H E  GIVEN R A N G E  IS B E TW EEN TEE FIRS’ ! A N D  SECON E R A N G E  IHU!
C CONFUTED , IN-I F FRCLA ’I i LIN EARLY CM EE’IA .

IP (E1(l) .LT .GRAN GE.AND .El( 2). LT .C .RAKG! ) C-C IC 580
IF(Fl(1 ).GT .GR A K GE.A N C .Bl (2).GT .G R A N G E) GO IC 580

C I N T E B E C L A T E  USI N G R P N G E = P + E * R E ’ I A
E= (E l (1) — El (2) )/ (Al (1 ,2) —A 1 (2 ,2 ) )  

-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ -- - - - V-~~~~~~~~~~~~~ ~~~~~~~~- - --~~~ ----
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A= E l (1)—F* Al( 1 ,2)
PE’1 14= ( G R A N G E — A )  / 8
GO ‘DC 590

C ! N C F ? M E N ’ I  OR D E C R E M E N T  ‘!!~ A P P B C X I t 1 ~~’I! ~I E V A ’ I I C N  u ’ T I L : Z I N G  ‘T HE
C S L C F F  C F  T H E  C — P  C U F V ~
580 0IF FB=GFAN G ~~— C R A N G E

E E ’D A = B E TA 4 D I F E B/OIN CR
IF (EFT A. CT .0 . 1 .CB .~4(3 90 ).NF .1.3 ) CC TO 58 1
IF (CCNT.FQ .l .0) C-0 ‘DC 2 l C
EE l  P = 0 . 0
C O N T = 1 .0

~8l  I F ( I N C E . G T . K O N I R I )  CC IC 2 0 C C
GO ‘IC 3CC

550  C A L l  R A T I N T ( A Z l ,E E T A )
F L = 5 E T A ~~t E G S
A 7 3 = A Z l ~~t ! GS
PP I ST  S5 , F L ,A 7 3
I F ( W ( 3 8 C ) . N ! . l . 0 . C F . N H O F . N ! . 1 )  CC ‘IC 55 1
I P ( E E ’ I A . I T . B L ! F 1 . C R . P E T A . G ’ r . P R I G H ! )  GC ‘IC 7C0

591 C A L L  T R A C E
P R I N T  05 ,P2 LT , P 3 L T , A Z E ! V ,.~Z A
IF  (4 ( 3 9 4 4 ) • NE. C. 3) C P A N G ! ’I
IP(AF S (GRA NCE—C RA N GE ).IE .TCLEFE ) CC ‘IC 5 0 0
I F  ( F . G T .  (4(140) *C . 1) .CR . H . . L ’t . ( 4 ( 1 4 0 )  — 0 . 1 ) )  GC TO 780
M P B ’ I = O
E l  (3)=CRAN GE
A l  ( 3 , 2) E E T A
A l  (2 , 3) A1 (3 , 2) ~~~
C A L L  F Q S C L V  (P 1 , A 1 ,3 , 3, l , C 1 , C U M 1 , l . C E — 8 , i F P )

C U S E  C U P C F A T I C  F C R M U I A  IC C C N F U T E  E E T A
C C l  (3) *B !’IA**2+Cl (2) *p FIA ,C1 (l)—C FAN GE C

AB G= C1 (2) *~ 2—L$ . ‘3*Cl (3)* (CI (~~) —~~P A N G E )
I F ( A B G )  200,21C ,210

C T H E  A R G O M E N I  IS  N E G A T I V E  , NC S C L U T I C N
2 C C  I F ( 4 ( 3 6 0 ) . E Q . 2 . C )  CC ‘10 611

P E I N T 2 C 1 C , L L I
P R I N T  61C
GO ‘IC iC C C

611 PR INT 2011
P R I N T  € 1

612  F C B P ’ A ’ I ( f X , 5 3 H C I S C C N T I N U I ’ I Y I N  I M P  RAY T R A C E D  R A N G E — E L F I A T I C N  CU~ V R
1 )

CC ‘10 1 0 C C
210 B E T A P = ( — C 1 ( 2 ) + S Q R ’ I ( P R G ) ) / ( 2 . O ’ C 1 ( 3 ) )

FETPM= (—Cl(2) —SCB’I (ABG))/(2.C’C1 (3))
C P I N t  T E E  C L O S E S T  F A N G!
C F I N D ‘ r E F  C L C SE S I  A N G L E  TO T E E  G I V E N  R A N G E

CIFF1=APS (GRANGE— E l (1))
DIFF2 AE5 (GRAN GE—El (2))
DIFF3=AE! (GFANGE— B l (3))
IF (EIFF1 .LT.01Fi2.ANC .DIFFI .Ll.EIFF3) AK G=A l (1 ,2)
IF (DIFP2 .LT.DIPP1 .ANE.DIER2 .L’!.EIFF3) ANG = A l (2 ,2)
IF (DIFF3.LT .DflFl.ANE .t1PF3 .LI.t1FF2) A NG= A1 (3,2)
F FT A =F E ‘I A N
I F ( A B 5 ( A P G — B F T A F ) . L T . A R 5 ( A N G — B B T A M ) ) P f l A = E E I A P

650 FL= FETA *EEGS
A Z 3 = A 7  l *E E G S
P R I N T  CS EL A 2 3

55 FOBNAT (/ 5X ,33HFLEVATIC N ANGLE CE TEAN SMIS !ICN = ,F12 .~~,14 ’
1 1 H A Z I M U ’ I F  A N G L E  OF ‘ D B 1 k W S M I S S T C N  = , ? 1 2 . f , L 4I ~ E E G / )

100 C O U N T C C t H T + 1 . 0  

~~~~~~~~~~  
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AD—A038 299 ILLINOIS UNIV AT URBANA—CHAMPAIGN DEPT OF ELECTR ICAL —ETC F/S lt/2.I
TECHNIQUES OF DETERMINING IONOSPHERIC STRUCTURE FRO$I 0 4$S(E RA—ETC (U)
DEC 76 N N RAO. K C YEH. *1 V YOUAKIM F1962S—75—C—OOU

UNCLASSIFIED UILU €N5 76—2559 RADC—T R—76—UO1 Pm.
3 0F3

Afl~~ 2~ O 

•fl r~4fl !UU___t~~wI~uuI
END
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I F ( CC U I ~X.GT.CCNI~~I) GC IC ‘ C O
CAI. I R A Y I N T f A T 1 ,E E T A )
IF(W (3 8C).WE.l.C .CR.NHCf.NE. l )  CC IC 1~~l
I P ( E ! I A . I T . B L E ! 7 . C R . E E ’ I A . G T . B R I G H T )  GO IC ~ CO

101 C A L L  I~~AC E
PRINT ,,B2LT,R3LT ,ATEFV ,A ? A
I P ( ~ ( 3 9 4 ) . N E . C . C )  CR ~~NG != I

C US ! T H E  t — R  C T J F V F  IC A D J U S I  E!’I J
E I F F R = C M I N G E — C F ? N G E
I! (ABS (EIPFB) .I!.IOLET~P) GO TO ~OO
IF (I • GI. (W (1~0) 4G. 1) .CP • Ihi l .  (~4 (140) —0.1)) GC IC 78)
N pp ’r= O

C SE L E C T  ‘IF! CLC5 !S ’I  R A N G E  IC IM E G I V E N  SA N G !
DI!! 1= G U N r , F — R l  ( 1)
D1FP2=G !A.NGE—!1 ( 2 )
C I F F 3 = C - F A N G P — P 1  (3)
IF (AB5(tlPFl )—AP S (DIPF2)) 13, 20 ,2C

1’~ IF (ARS (E1FF2)—AES (DIF!3)) ~O,6O,60
C R E P L A C E  ‘ib! S E C C N E  R A N G E  ‘N E  EL P J A T I C N  A N G L E
6C B1 (2)=CR?NGF

A 1 ( 2 ,2) E V I A
Al (2 ,3) 11 (2 ,2)**2
GC TC 15C

20 I F ( A ~~S ( t I F F 1 ) — A E S (DI! !3) )  ¶ C ,3C .30
C REPLAC E lEE FIF5T ~~ N C E 1N~ E L E V A T I C N  A N GLE
30 Bl( 1)=CcANG ~

A1 (l ,2)zE!TA
A1(1 ,3) *1 (1,2)**2
cc ro ISO

C RE PLACE IRE TRIR C RANGE ANt E IEVA T ICN A NGL E
SO Bl (~ )=C!ANGE

ftl(~~,2) E!TA
A l (2,3) A 1  ( 3 ,2)  *t 2

153 CALL E~~5 C I V ( B 1 ,J1 ,3,3,l,C1 ,t U N 1 ,1.Of—8 ,i!F)
C OS! QUICFA TIC IC CCNEUTE E!TA

A B G C 1 (~ )**2—4.0*Cl (3)*(Cl(1)—G !ANG !)
IF (A FC ) 163 ,170,170

C THE ARGOUNT IS NEGATIVE , IHE~~E I! NO ECLLIION
160 IF(h (38C) • ! Q . 2 . 3 )  GO TO l€ 2

PRI!~T 2 C1 0 ,LL I
PRI ?. I 61C
GO T O 1OCO

162 PRINT C11
P R I N T  6 1~
GO 10 10O~)

170 E E T A P = ( — C 1( 2 ) .~~C R T ( A R G ) ) / ( 2 . C * C 1 ( 3 ) )
E E T A N  ( C 1  (2)  — Sc SI  ( A B G )  ) /  (2.3’C 1(3))

C FINL TM! CLOSPSI RANGE
• C P I N t  ‘IN! CLOS!EI A N G I E  IC 113! G I V E N  R A N G !

D I E F 1 = A e S  ( G R A N G E — e l  ( 1 ) )
D 1 P F 2 = A U ( G R A I Q G E — E l  ( 2 ) )

• C!EF3=AES (GRANGE—El (3))
IP (rIfPl.LT.DIFF2.AlIt.DIFP1.L’I.TIFP2) AN G= A1 (1 ,2)
IF(tI!E2.LT.DI!Pl.AIID.01PP2.I’I.CIF!3) .~NG= Al( 2 ,2)
I!(rIPF3.IT.DI~~~l.AND.DI?P3.L1.rIFF2) INC=A1 (3,2)

IF (ABS (AuG—BETA !) .LT.APS(ANG—S !IAM)) EP’IA EETA P
180 EL=EETA~~tFGS

AZ 3= AZ 1*tP GS
PRINT 55,FL,A23

• GO IC 1CC

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r ~~ 179

C C O R F~~C’I P CR A Z I P I J I H A I  D E V I A T I C N
~CO I!(H .Lf.(W (~4C)+C .l).ANt .H .GE. (W (40)~~C.1)) CC IC 502

GO ‘IC ~ E 0
502 A 24=A 71—A7LE V ’PJt

IF (APS (A2L4—AZ2) .LE.J’Z’ICL) GO ‘IC 3CCC
I N C F C

AZ5 =A ’I1+A2 D~ V *RPD
A 71=AZ S
IF (ASS (A 2E—AZ 2 ) .G’I. JES(1214—A2 2) ) A2 1=A?U
CO UN ’I=O .‘
GO ‘IC ~CC2 ) 00  I F ( W (~ SC).EQ.1.C) PRINT 2C 1C,LlI
I!(1~~3€C).EQ.2.C) PRINT 2C11

201 0  F O B N . k T ( , , /  2X ,€ 2 H ~~~ H O M I N G  C A N N C T  E R  A C H I E V E C  F OE A P P F C X I P I A I E  SOL
1UT I C N ~C~~FE13 , 13)

2011 PCBMAT(,~ / 2x ,2cH*s* HCPING CANN C T E! A C E T E V E E
PRINT 2C2d ,CCNI FI

2 02C F O R K A T (€ X ,3SH IXC EFDFE N EK EE B CF 5PECIFIEE ‘ISlES • F 5 . C~)
GO ¶0 l C ~

2 1 C C  P R I N T  C10 ,LLL
P R I N T  11C

211 0 !O A T ( 6 X ,14 9 H ’ I H R  R A N G !  IS F I C H E !  T H A N  T E E  Z E F C  !L E V A T I C N  R A N GE
GO ‘Ifl 1CCC

C CHECK I! T H E  E I A G NO STI C IS F OP A F lE E  P A Y
700 JJKE2=JJN /2

JJKR JC F—JJND2*2
IF(JJKF .!C.0) CO IC 7~~)

C IT IS NC’! A HIGH RAY
P R I N T  ~C10,LLI
PRINT €1 C

610 F O R N A ’ I ( € E , 8 E H E I 5 C C N ’I I N t I I Y  IN T E E  R A Y  ‘ I F A C E E  S A N G E — B E T A  C U R V E  OR R
l AN C E CC CLOS E ‘IC TE E SK I P  D I S T A N C E )

GC ‘IC 1CC C
C IT IS A H I G H  A N G L E  R A Y
751 PRIN T 2C10 ,LLI

PRINT 755
755 P O R r A T (6X , I 4 H F I G H  A N G I E  S A Y  )

GO TO 1CCO
780 IP(b (28C).!Q.1.C) EPINI 2C 1C ,LII

I F ( w ( 3 e C )  . E Q . 2 . O )  F E I N T  20 11
PRINT ~S0

793 POBPAT(6]C ,S2MRAY MISSEt THE EARTH OF CANN C ’I REACH RECEIVER HEIGHT)
GC TO 1CCC

C WE FOUNt AN EXACT SCIUIICN
‘000 IF( (38C).EQ.l.C) EBIN’! 3C10,zII.• IF(W( 3EC).EQ.2.C) IRIN’! 3C11

• 3C10 PORMAT (/// 21,39H*** HCMING ACRIEVEE ICE SOLUTION NUMBER , 13)
301 1 PCRM& T (/// 2X ,1SH*** H C M I N G  A C H I E V E !  )

PRINT 3C~ 0,EL
• 3020 PORMA T (€!,11HEIEVA TICN ~~, 112.6,2X,713t1GR!U)

PRINT !C30.A23
3C3 0  ?0PP!A T ( E A ,1 0 H A 2 ] M U T H  =, P 1 2 . 6 , 2 X ,7 H t ! G F E E 5  )

S I P ( W ( 3 ~~L 4 ) . P Q . O . C )  GC TO 303 14
P R I N T  2031 ,C R A N C . E

3031 F O P M A T ( E X , 2 1 H HC ? ! I  IN  G F C U P  P A T H  =,P12 .2 ,21,2 HNM )
GO ‘10 3039

303U P R I N T  ~C35 ,C F A N G !
3C35 F O P N A T ( € X , 16 H H C N I L  IN B A N G !  =, !12.2,2 1 ,2 H I c M )

I F ( ~~( 3 8 C ) . P Q . l . C )  CC IC 3C39
P R I N T  3C36 ,W ( 2 0 )

hi.i ~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - - -—~~~-~~~~~~~ ±~
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3O3~ F O R N A T ( € N ,2 0 H ’ I R A N S M I T T ! R  H E I G H T  , !S.2.2X ,2HKM
P R I N T  3037 ,~~(~ C)

3037 F O R M A T (6 1,17N5E(EIV !! FFIGFT , R 9. ,2X ,2 H K P
3 C3 9  P R I N T  2 C 4 0 , 521’!
3C40 FO 9I’AT(4 1,33EHCP}E IN G !CrAGNE’IIC CC1A’II’IUCE , F 12 .5 , 2X ,7 H L E G R E E S

1)
PRINT 3C!O ,531’!

30 50 F C R M A T (FY ,32HHOM !t IN GECKAGN ETIC LCNGI’IUDE , E12 .5 ,21,7HD E GR!!S)
1000 w ( l e ) = A 2 2

• 8C0 C C N I I N C F
R E T U R N
Flit

I

• •~~~~~~~~~~ • ~~~~~~e • • ~~••~. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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SUBRCU’1INE HCMES
CCr I!CN/CCNSI/ Pi ,PI12 ,P 1t2 ,CEGs ,R A D ,CUM (3 )
CC~~J~ON,tENSC/ DENS (52) ,HEIT (52),PL?ANJ(S1 ,3,2),A P R C X ( 8,2,2 ) , FPATIO

1,N!A X ,NS’IARI,J F I A G ,N SCL ,EEMIN (21) ,J J J M 1
COM~ CN V (6) /~ W/ It (1 C) ,WC ,W (4CC)
CCMrCN /DFNX / FI!(1c ,s2,~~),’IH!TA(1c) ,~~c’I(52),rHI (5),FREs (4),HL
CONPCN,EC2/ LATPA ,L C N I!X ,I H T N X
EQUI V A L E N C E ( E A P I H B ,W (19) ) , (‘TLC N ,k ( 1 f 4 ) ) ,  (SLCN ,W (361)), (ILAI ,W (16)),

1 (R L A T ,W (382 ) )  • (S !TA ,W (17)), (TFPEç, W (3)), (AZ1 ,W (18)), (XM’IRH,W (20))
EQU IVA LENCE (‘IFANG!,w(385)),(6E’!A’I,~~(3ec)),(PHc ,w (378)),(THo ,W(377

1) )

E Q U I V A L E N C E  ( P I C N .W (13)),(PLA’I,W (15)),(HCr ,w (25U) )
C SET N P A !  TO C N E

N M A I  I
SP=SIN (ELAT)
CP SINIFIE2—PLAT )

C T R A N S F O R N  PH! R E C E I V E R  C O O R D I N A T E S  ‘IC C-!CMAGNE ’!IC COOPEINA TES
SINEPH=SIN (RLCN—PLCN )
COSt FH SIN (P1D2- (RLCI—ELCN ))
SL=SIN (FIAT)
CL=SIN (P1t2—RLA’I)
GPIrN A IAN2 (SINTPH*C L,CCSEEH*sP*CL_CP*SI)
GRLA’I=A PCOS(COSEPIf *CP*CL+SP*St)
GBLCN=GBICN*DEGS
GRLA’r=GFIAT*E!C.s
ANG L=AES (TLCN—I3I CN )
A N G T = 1 1 t 2 — I I A I
ANGR=P 1t2—RLAI

C USE THE COSINE IA~ ‘10 FINE THE ANGLE SUPIENtED AT ‘THE EARTH CENTER
COSTHE=CGS(ANGI)*COS (ANGR )+SIN (INGT )’SIN(ANGS) tCCS (ANGI)

C C O M P U T E  T H E  P A N E !
ANG ’IR=A PCCS (CCR ’IHI)
TRANSC= !ARTHR +Xr’IP H
TRAN GE ’IPAN SC*A !‘G’IR

C CC MPUTE TRANSMITTER COORDINATES
COLAT EIE2—TLAI
XT= ’I B A N S C ~ COS (TICN) ‘SIN (CCIA’I)
YT=’IRANSC$SIN (’ILCN) *SIN (CCIAT)

• Z’I=IRANSC*COS(CCLAT)
C CCMFU’I! RECEIVER COCRDINA ’IES

PEC !IC’EARTHP+W (LIC)
COLA’t=P1t2—RLA ’I
XP BEC !IC *COS ( P LC N ) ‘SIN ( C C I A T )
Y P = E !C ! IC * S I N ( B L C N )  ‘SIN (CCI AT )
ZP=B!C !IC ’COS ( C C L A T )

• C C C M P U T !  T H E  M A GN I T t I E ! !  OF CR , Cl A l i t  TB
CT~~SQR T ~~~T *X T4 T ’ !*Y T4 Z I *Z V
CR = S Q R ’ !  ( X R *X R G Y F ’ T R + Z B * Z B )
TP= SQP ’!(  ( Z R — I T )  **2 + (YB— IT) “2+ ( ? B — Z ’ I) * *2 )

• C C A L C U L A T E  THE A ? I E U ’ I H A L  A N G L E
I F ( A N G ’ I S . a E . O . O )  GC IC 120
A 2 1 = 0 . C
I P ( ’ I L A ’ I . G T . R L A I )  A Z I P1
GO 10 55

120 S I W R T N ~~SIN(AN G 1. ) ‘SI N ( I N G S)  / SIN ( A N G I E )
CO SP TN = ( C O S ( A N C R )  — C O S ( A N G ’ I ) *COS ( A N G I E ) ) ,  (SIN ( A N G T )  ‘SIN ( A N G T R ) )

• A Z l ~~A S 5 Y N  ( S I N R ’ I I )
I P ( S I N P Z N . L T . O . O )  GO TO ‘~5

• I F ( C O S S ’ I I . LT . O .C )  *Z 1= P I — I Z 1
GO TO SC

I
)
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l~5 IP(CCSETN.LT.C.C) A !ti.EI—Ai1
50 I! (ILCN.GT.RLCN) AZlaPTI2—AZl
C CONFUTE THE !IEVA!ICN ANGLE FEd T R I A N G L E  ‘ I C R
55 A R GIJ M (IF”24C 1’*2 C R * ’2 ) / 4 2 . ’TB ’CT)

IF (ARGUN.GT.l.0) AR GUN~~1.O
• IF(ARGUN .LT .—l .C) AB GOM — l .0
• B E T A = A S C C S ( A R G U M ) — P 1 r 2

7S NS OL 1
A P F C X  (1 , 1,1) E P I A
TLATC=TIAT’C!GS
¶ICNC&IICN*t!GS

• RLA’IE=BLJ I’DEC-S• R L C N I D = F L C N $ D E G S
P HO 1 P 1 3  0$ t EG S
INC 1 THC*LEGS

• PRINT 27
27 !O R N A T ( 1 F 1 )

P R I N T  3C , I LA T ( ,T L CN ! .X M I E H
3C F C R M A ’ I ( 1 ] , 4 4 H T H F  TRANS M ITTER GECG RA PRI C CCCFEINATES AR ! :

• 14HLAT= ,PE. 3,21, !HLo uG= ,!e.3,21.THH!IGHI= ,Fe.2,3u NM)
P R I N T  31,R L A I t ,F L C N t ,~~(4C)

31 FORMA l (lY,41HIH! RECEIVER GEOGRAP HIC COCBC INATFS A RE : , 41,
1E$ HL AT= ,P E .  3 ,21, S H I O G= ,E E .  2 ,21,7 H H E I G H ’I = ,!8.2 , 3H K M )

P R I N T  15 ,F H C I ,T f l 0 1
19 F O B P A ’ I ( 1X , 14~sH l H !  TRAN SMI TTER G !CNAGNETIC CCCBE INAT FS AF!:,2X,5HLCN

• 1G= , P 1 2 . S ,3X ,€ H C C L A T = ,E 1 2 . S)
PRINT 21 ,G R LO N,GBL A I

21 !CRNAT(1I ,41HIHE RECEIVER GFCNA c-NE TIC CCCRCINA IES ABE: ,21,5H L CN G ,
l!12. 5, 31, 6H COIA’I  ,F 12. 5)
PRINT 32,TBANc-F ,T E R E C

32 POP?AT (lX, 29HRA IIGF A ’! TRANSMIT TER RADIUS = ,F 1 2 . 2 ,21,2 B K M ,5X ,
127HFB !QUINCY CP TF*NSMIS!ICN = , E l G . 4 , 2 X , 3 H N H Z )
EEFTA EE ’lk*EEGS
A Z M ’ I H A 2 1~~OE G5
PRINT 27,DB!’IA ,A!!TH

37 PopMAT(1x ,289’1H! INITIAL EI!YATICN A N G I F ,FS.3 ,2X ,7Ht !GRE!S ,5X,
125I3AZINUTH OP TRANSEISSICE , E12 .6,2X ,7 H t ! G B E E S )

R E T U R N
E N D

1

~~~~~~~~~~~~~
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SIJP R C U T I N !  HC N E
C JFLA G=C ?PANS NE CA N PING AN APP ROXI MA T E E IRVA T ICN ANGIE.
C 1 MEANS WE CANNCI FIND AN AEEF CX IMAIE ELEVATION ANGLE.

EIP!FNSICN DDMTN(21)
D I M F N S I C N  JSOL (2 ),T F M R B (9 1,2),NECINT (2),J’F!E(21)
B F . A L ’ 8  A ,B,C,L F L T ,DAKS(52) ,H A I T  ,F1 ,52,B 3 ,R’4,R5 ,R 6 ,SE ,R I ,FJ ,DE T
R E A I S R ?1 ,E1 ,C 1
C C P P C K /CCN ST/ EI ,PI’12,P1t2 ,t E GS,BAt ,LUM (3)
C C N M O N ~~t!NSC/ EENS (52) ,HEI’I (52) ,!L R A N J (S 1 ,3 ,2) ,A P R C Z  (8,2,2) ,F E A T I O

l ,N M A X ,NS’IART,J F I A G ,N SC L ,CEMIN(21) ,J J JN1
CCNMON Y (6) /NW/ ID (1C) ,N0 ,W( L4OC )
CCNMCN/LENX / FN I 1S ,52 ,5),’!HETA(19) ,HGT(52),EHI (S) ,FR!S (4),HL
CCrECN,1c2/ 1!TMX ,L C A N X ,IF’INX
CCPIMCN/CCEFP/ A1 (52) ,B1 (52) ,C 1( 52 )  ,H A I T  ( 5 2 )  , F A P O G F ,B A P C G M
EQU IVAL ENCE (!AB’IHIi,W (19) ) ,  (‘ITC H ,h (114)), (PICK ,W (381)), (ILAT ,W (16))

1 (RLA’I,W (382 ) )  , ( t E~’A ,W (17)), ( T F E E C , W ( 2 ) )  , (A ? 1 ,W (18))
EQU I V A l E N C E ( T F A N GT ,W (355)), ( !ETAI , N (38 5 ) ) ,  (tIPG ,W (387))
EQUIVALENCE (PFC ,h (378)),(’IHO,W (377))
EQU I V A L E N C E  ( F L C N ,W (13)),(!LA’I ,W (15)),(FCP ,h (254)),(GRCUP, W (39 4) )
D A T A  IN T!RV~ 5C/
W(3 80)=1 MEANS FC~~ING GEC UND IC GBCUND .

C W (38fl)=2 ~EAN S ECMIN G GBCUND TO SATELLITE CS SATELLITE ‘IC GPCUNC
C W(35C)=3 MEANS FIND ‘Iii! PINIMUP . GECUP PA IN

NNN = W (3E0)+.1
GO ‘IO (12C0,13CC ,1 143C),N N N

C T H E  MI N IM UM GPCUP PATH RCUTINF
1400 CAL l G E C C P M

P El C RN
1300 C A L L  H C P E S

R E T U R N
12CC PE !ARTFF
C SETUP ‘IN! NULI!EE CF HCES

NHCP HCF 40.1
C SETUP III! FACTORS PCR ‘ I N !  P!ILFOINT LCCATICN C? EACH HOP DIVISICN

HOPE=l .0, (2.O*HCP)
H O P I — l . C
tO 1 1=1 ,91
tO 1 J=1 ,J
DC 1 N 1 ,2

1 E L R A N J (I,J,K) C.O
DC 2 1=1 ,8
DO 2 J=l ,2
DC 2 Kzl ,2

2 APF CX (I,~~,K) C.C
CO 3 Iz l ,NB O F

• 3 JSCI (I) C
SET UP ‘IN! NUMB ER OF IUT!PVAT.5 FCR ‘IN! EL!VA ’IICN ANGLE.
FPATIO T!PEC$*2

C CHECK IF  G R O U P  P A T H  H . CN I N G  IS N I F E F I
• I P ( ( ( 3 5 4) . !Q . 0 . C )  CC ‘10 111

AN G ’1 !112—TIA’I
• ANG ’IB=GFCIIP/EAPIHF

R A N G E = ’ 1 l I N G ! / l I O E
A I 1 Z W  (2f 3)
GO TO 50CC

C CALCULA TE THE RING! FETWEEN TRANSMITTER AND RECEIVER
111 A N G L A E 5 ( T L C N — F ! C N )

• A NG ’1 E1t2—TLA’I
A N G R Z E I ! 2 — P L A T

I

q._ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :.~i. 
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C USE THE CCSIN? tA R ‘10 FIND ANGLE SUE’IENLEC A’! E A R T H  C E N T E R
C C S ’ I F ! = C C S ( A N G ’ I ) *C O S  ( A K G R ) + S I N ( A N G I )  ‘SIN ( A N G S )  ‘COS ( A N G I )
A N G ’ I R = A E ( C S  ( C C S ’ I H ! )
T R A N G E A N G T B ’  ( ! A P ’ I H R 4~ (2C) )

C DIVIDE ‘Iii! TOTAL R A N G E  B Y T H E  N U M B E R  CF H C E S  N E E D E D .
PANC .E=’IFAN GE/FC P

C
C THIS PCFTION CF TEE CCDE SELECTS A TENS ITY ERCEIL! THAT IS CLOSEST
C TO T E E  M I D  P O I N T  SE T W I!N ‘I N! T R A N SM I T T E R  A N D  R E C E I V F R ( P V L O H ,A V L A T )
C C C C P D I N A I!S

IF (PNGTR .liE.O.0) GC ‘IC 14225
PTN=C. C
IF(TLAT .C .’I.FLAT) ~TN=PI
GO ‘IC !C~~

14225 SINFTN=5i1( (ANGL) ‘SIN (ANGR)/SIN ( A N G I F )
CcsrrN= (COS (ANGF) —CCS (ANGI) ‘CCS (ANGIE)), (SIN (ANGT) ‘SIN (ANGT’R))
RTN= A R SIN (SINPTN)
IF(5!NR’!N.LT.C.C) GC ‘IC 4500
I!(CCSFIN.LT.C.C) ETN=PI—RTN
GO ‘IC 5000

45CC IF (CCSFIN.LT .C.C) RTN=— !I—R’IN
5000 DC eocc .3HOP 1,N HCP

NS01 3
HCPI=HCEI42.0
C O S A N G = C C S ( E O P I * H C P F *A N G T E )
S I N A N G S I N ( H C I I *H C P P *A N G T R )

C ‘THIS FCF ’IION IS FCP GECUP PATH ECMING
IP (K(3914).!c.C.C) CC ‘IC SCCS
A Z T = A Z 1
IF(AZT.C-T.PI) AV!=FI’I2—A7’I
CCSNN=CCS (AN GT) ‘CCSANC+SIN (ANGT)*SINANG$CCS (AZ’!)
A V L A T G = F 1 E 2 — A B C C S ( C C SN P )
TNP=APSI P (SIN (AZ ’!) ~5INANG/5IN (AECCE ( C C S N M ) )
& V L C N G = T I C N + T N M
I P ( A Z 1 . G T . P I )  A V I C E G = T L C N — T E M
CO TO 9

5005 COSNN=CCS (ANGT) *CCSANG +SIN (A AG’!) *SIKANG *CO S (PIN)
A V L A T G = 1 1 t 2 — A E C C S  4 C C S N M )
TNM ARSIN (SIN(RTN)*EINANG ~ST1i(AFCC5(CCSNM )))
I?(’ILCN—EI CN) (4,1l,C

4 AVLCN G IICNGTNE
AZ 1=PTN
GC TO E

5 A V L C N G s T I C N — T N M
A Z 1z P I T 2 — B ’ Y N

6 C C N T I N U E
C
C T B A N S F C F F  T H E M I C E C I N T  IC G E c r A c - E E T ] c  C C C R E I N A ’ 1 ! S
9 $P SIN (FLIT)

C E = E I N ( 1 3 t 2 — P 1 A ’ I )
• SINEPH S3A ( (AVZC IC—PLC N)
• C O S D P H = S I N ( P I G 2 —  ( A V I C N G — E L C N ) )

SLzSIN (l~ IATG)
CL ! I N ( E 1t 2 — A V L A ’ ! G )
A V L C N = A ’ 1 1 N 2  ( SI Nt P F ’CI ,CO StPH ’SP~~C L — C E $ S L )
A Y C L A T = A F C C S  ( C O S C E H *C c ’CL + S c ’E L )
IP(R(3914).N!.0.C) CC TO 91

C T R A N S F O R M  TH E R E C E I V E R  C C C F D I N A ’ ! E S  ‘IC G E C M E I E I C  C O O R D I N A T E S
S I N I F H = 5 1 N ( F L C  N — P L C  N)
C C S L I H Z S I N ( P 1 t 2 — ( F L C N — P L C N ) )

• SL S I N ( E I A T )

-
•

—~-.-~~~~~~~ ~~~~~~~~~~~ ~.I ,
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ _ __



T:~
- - — •-

~
—

~
- 

~~~CL SIN (EIC2—R LA I )
GRLCN AT A K 2 (SINEPH*CI ,CCSDVH ’SP*CL—C P*EL )
GPLA ’I=A PCCS (CCSEPE*CP*C !+SP*SL)
GE IC N C~~LC N*C EG S
GRLA’I=G9I ~T$EEGSC T E M P O R A R Y  P R I N T I N G  C E  T E E  M I D  P C I N T Y

91 GCLCNG AVI CNG ’LEGS
G O L A T G A ~LAT G ’CE CS
AV ICNC AVLC N* tEGS
A VL A T D A  ‘,CL A I’D
PRINT SS1 1

9911 FCRPA ’I (2X ,’MIt ICIN ’I CCC PE INA’I ES, G !C G R A I H I C  A N D  G F C M A G N ~ TIC ’ /)
P R I N T  95 12 , GCI C ~G ,GC1A ’E C ,A V I C N C ,AV LA ’ ID

~~ 12 P O R P A T ( 2 X , ‘GF~ G FAEH 1C: ’,2X ,’LCNC .=’,F5.2,2X ,’CO1AT=’ ,FP .2,7X , ‘G~~C~1A
1GN!TIC :’,2X ,’LCNG ’,!P.2,2Y ,’CC IA1 ’,F8.2)
DPHI AE S (PHI (2) —PHI (1))
K K I C N M X
DO 610 K 1 ,L C N M I
DIPE1=A !5(AVLCE—PEI(I ())
IF(tIEFl—CPHI ) ~2C ,€ 1 ’ ,€10

615 K K= I ’
GO ‘IC 63C

62C KK=K
IP (N .G !.ICNPX) C-C ‘IC 6 3 0
t1PF2 1!S (AVLCN-PEI (R+i))
I F ( t I F F 2 . I T . D I P E 1 )  I C K = K + 1
GO TO €3 C

610 C C N T I N U E
C WE CANNC ’I FIND A lONG ITUDE CICS ! ENCUGH ‘IC T E E  t I C  E C I N T .

W R I T E  (€ ,€ 2 5 )
625 ? C R M A T ( 1 X ,82HIHE GIVEN DENSITY EFCFIL ! ECES NC’! INCLUt ! TIl E t IE  P3

l I N T  L C N G I T U D E  B E T W E E N  T A N D  F)
GC IC 3CC

630 DTHETA=AE S(THETI (2)—THETA (1))
LL L A T L!X
CO 635 1 1 ,L A 7 M E
ClEF 1=AE S (AVCLA ’I—TH !’tI (L))
IF (DIFE1—ETHETI) €145 ,640 ,63 5

6140 L L L
GO ‘IC €6 C

€ 45 LL=L
IF (L.G !.IATMX) GC IC 660
CI!E2 1E5 (A VCLAT— ’IHE’TJ (I+l))
I!(tIEE2.LT.DIFE1) II=L+1
GO TC € 6 0

635 C C N T I N C E
C CAN NOT FIND A Il itIttE CICS! ENCUGH IC ‘IN! M I D  POINT

W R I ’ I! (6 ,650)
650 JOBMAT (1A ,S3HTRE GIVEN DENSITY PRCPIL E DOES NOT INCLEDE THE MID

1 RC I N T  L A T I T U D E  E F T W ! E N  T A N D  F)
• GO TC 3CC

C EXTRACT THE DENSITY AT THE MID ECINT ANt ‘IN! CCRBESPONEING HEIGHT
660 CC 665 I=1 ,I H T M X

DENS (L) !H (LL ,I,KI() “2
E A N S ( L ) L E N S ( L )
H A l ’! (l) FGT (L)

€65 B!I’I (L)=EGT(L)
C PIN E THE HEIGHT CR WHICH IF! ? A Z I M U P  DENSITY CCCURS

CHEIT =HEIT(2)—FEIT(1)
I EM P DENS (1)
N MATs 1

I
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CC 670 1 2 ,LHIP.X
I ! ( D E N S ( 1 ) . L ! . ’ I I B E )  CC TO € 7 0
NM A 1 L
T!Mc tEN5 (L)

670 C C N T I N U E
H M A J = H E I ’ !  l A N A I )
F V M A X = 5 G F T ( D E N S  ( N E A l ) )

C A SSUME AN INITIAL !IPVATICN ANGI E CE ZEEC
BET AP=C.C
IF (’IPFEç— !VMAJ) 330 ,320 ,320

330 B!I A T P I E 2
GC ‘IC 340

C COMPUTE ‘19! !L !VATICN ANGL E POE A TRAP PED RA Y
320 TEMFA= (!APTRR4H!A!)$SCPI (1.C—(FVPAI 4*2/FRA’IIC))/!ARTHR

I? (‘IEMFA—1.3) 321 ,321 ,400
321 B E ’ I A T = A F C C S ( T F ! P A )
3140 TLA’IC=ltII’t!GS

TLC I t  =T IC N * C EGS
BLAID=RLAI’C!GS
RLCNC=RLCN~~G !GS
PhD 1=PHC*t !GS
‘I HO 1=TEC ‘CE CS
P R I N T  29

29 F O R K A I f I H I )
PRINT 3C,I l A T t ,’!LCNE,W (2C)

30 FORMA T (11,’i’iHTNE TRANSMITTER G !CCRAEBIC CCCEEINAT!S APE : .141,
14HLAT= ,P€ .3 ,21,S H L C N G , F8.3 ,2x,7HHBIGHI= ,F8. 2,3H NM )

I F ( W ( 3 5 4 ) . N ! . C . C )  CC ‘IC 3d
P R I N T  !1,B L A T C ,F L C N C ,W (’$O)

31 F O R M A T ( 1X ,I 4 1 H I H E  R E C E I V E R  G !C G R A P H I C  C O O R D I N A T E S  AR !  : , ‘ix ,
1UNLA ’!=,pe.3,2x ,SHLONG= ,!a. 2,21,7RHnGBT= .p5.2,3H NM )

301 P R I N T  19 ,PHO1 ,’IHC l
19 PCPFIA ’I(1X,’44H’IHE TRANSM ITT ER GECEAG NET IC CCCRDINAT!S A FE: ,21,SHLCN

1G= ,P 1 2 . 5 ,31,6H C C L I T ,P12 .5)
IF (R (394).N!.0.C) CC 10 3211
PRINT 2 1,G R L C N ,c-BIAT

• 21 FORNAT (1I,141H’IH! RECE IVER GECMA CNE T IC CCCRDINATE S ABP:,2X,SHLCNG= ,
1P12.5 , 31 ,6HCOLA’I= ,F12.5)

3211 P R I N T  32 ,I P A N G ! ,IE R ! Q
32 PORPIA ’1(11,29HRANGI IT TRAN !!ITIPE RA DIUS = ,F12.2,2X ,2NKM ,5I,

12 7 H P P E C O ! RC T CF T F A N S M I S S I C M  • FIC.4 ,21 ,3 N M H Z )
N S T 1? T 1

C C A L C U L A T E  C CE I E I CI ! V I S A ND S’LCR ! T H E M  IN A~~E A Y S  A1 ,E 1 ,C 1
87 I = N E ’ !A E ’ I

J N E T A R I 4  1
N ST A ! T42

L N 5 T A R T 4 3
IP (NMAX—2 ) 100C ,ICCC ,1C

C T H E R E  A R E  M O R E  T H A N  T H R E E  F C I N T S
10 B1=FE +HAIT II)

• R2 = P E + R A I T ( J )
R3=FE 4BAIT (1I)

• R 4 = R 3 — E 2
B 5= F 3—5 1
R6 P 1— E 2
tt2=2 .0CC

C CALCULATE THE COEFFICIENT PCB THE FIRST THREE FCINIS
• D!T=B4*B!’R6/ (I 1’ R2$ R3)

A ( — R 1 $ R 1 ’R 4 *D A N S ( I ) 4 R 2 ’ 5 2 ’ 5 5 *D A A S f 3 ) + E 3 * ! E ’R 6 *D A N S ( K ) ) / ( D E ’ ! ’E 1 ’ 5 2
• 1$R3)

B = ( R 1 * E 1 4 ( R 2 * P 3 — P 2 * R 2 ) $ r A N 5 ( I ) — F 2 ’ 8 2 * ( 9 3 ’ R 3 — R 1 * R 1 ) ’ V A N ! ( J ) — R 3 ’ 5 3 ’ (

I
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1R1*Fl—E2 ’R2 ) *DANS (K))/ (tE’X’B1’R2*R3)

C = ( — R 1 * 3 L 4 * D A N S ( I )  4 8 2 ’ B S ’E A N S  (J)  4 R 3 ’ R 6 ’ D I N S  (M))/EF.T
DLLT=-E/ (R3*R3) —D t2~ C/ (R3’*3)11( 1) =A
El (1) =E
Cl (i)=C

Do 73 1= 1 , N M A X
M M +  I
PJ=FE +RAIT(1)
BI=FE +HAI T4I— 1 )

C C A L C U L A T E  T H E  C C F F F I C I E N T  J ,E ,C
DET ( P J — R I )  “2, ( ( 5 1 * 4 2 )  $EJ)
A (FI*BI*(RI—RJ )*CPIT+RI* (BI—tE2*RJ )*CAIS(i—1 )+RJ*FJ*DANS(I))/(DET
l*RJ*H!**2)
8= (}I’(F.~’RJ—RI’RI) ‘t!LT—tt2’PJ*F J* (D A N E  ( I )  -tANS (I—i)))/ (DET*RI*RJ

1)
C (RI’ (RI—RJ) *tfL’T4P3’ (CANS (I) — DE NS (I—i)) ),tET
t!LT —E, (SJ*RJ)—CE2*C/ (RJ**3)
A l ( t ) = A
E l ( N )  E
Cl (M)=C

73 CO N T I N U E
C C A L C U L A T E  TH E R A N G E  A N D  G R C U P  E A T H

C A L L  P 11’! ( CRF ,CGP! , B ! ’ I A P )
86 C A L l F I T 1 ( C R T ,CGP’I,E E I A I )

IF (GFLAG. !Q.O) GO IC 88
C DECREM ENT ‘TN! E!NETFAYI CN ANG IE.

FETA T=EE ’IAT-O .4C*FAC
GO ‘IC €6

C CHECK IF THE ‘IPAN!MISSICN EBE CU FA CY IS G~~E A ’ I E R  T H A N  FC
88 IF (TEBE~~-FVMA X) 92 ,92 ,89
C C O R R E C T  IF ! T R I P P I N G  A N G L E  P E T I T
Sc CRT1=CRT

CGPT1=CGFI
BE T AT 1= P El AT

C INCREMENT THE ANGLE BETA ’ ! BY 0.1 DEGREE AND CHECK THE SLOPE.
B E T A T = E E T A T + 0 .  1C *EAD
CALL FIT’! 4CRT,CGP ’!,F!TAT)
IF (JPIAG.EQ.3) C-C ‘IC 9!
BETA T=E !IAT 1
CB’I CflT 1
CGPT=CCP’Il
GO ‘10 5 2

95 IP (CRT.L’1.CBTl) GC TO 89
C WE HAV E THE MAE IP.UN AND M IN IMUM !LFVA’II CN ANGLES AND CCRRESPCNC NG

• C RANGE!. lIVID ! ‘IN! FL FVA ’IICN IN C - I !  RANGE INIC IKTERV , ‘IN! N UPEER
C OP INTERVALS.
92 K I N ’ I = I N ’ I ) R V + l

!L 51NJ4 1 ,1,J H C I ) EF ’I IP
E L B A  N3 (1 , 2 , J R C F )  = C R P

• E L R I N 3 ( 1 ,3,JH OP) ~~C G E E
!L F A N J  ( N 1 N T ,1 ,J H C F ) 8!IAT
!L R A N J ( P I N ’ I ,2 ,J E C P ) = C B T
E L R A N J  ( R E N T ,3 , , )FCP )  CGPT
DIRTs (E!’!A’I—B!TPE)/INTERV

C
C GENERA’!! TB! RANG E S C C E 4 P ! S P C N C I N G  TC IF! INTE RV A L VALUES OF THE
C E L E V A T I C A  A N G L E ! .

CO 110 1z2,IN ’IERV
BETAI IZ—1) *tIN’I

~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ • - • -~~~~~ ~~~~~~~~~~~~~~~~~~~~ S •
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CAL L FITI (CR ,CC-E ,EF’IAI)
!L R A N J (I, 1,JHCE)=E !’1li
E L P E N J  (i,2,J H C E ) CR
E L R A N J (I , 3,JHC!)=CGP

110 C O N T I N C E
C LOCATE ‘IRE MAXI M A A ND M IN IMA CF THE !LBVA ’IICN— PANGF CTJFV E
C I N I T I A L I Z E  T H E  ~ E C T C P  D E N I M

DO 11 10 1=1 ,21
1110 DPPIINII ) C.C

‘IEMP ELEINJ (1 ,2,JFOP)
JJJ= 1
,jj=1
C B M I N  ( J J J )  FL RA NJ  (1, 1,J l i C E )
JTEP ’ P (1)  1
no lii i I=2,NIN ’I
GO ‘10(1112,1113) ,JJ

1112 IP (E L ? A N J ( I ,2, JHOP).LT.’IAPIP ) CC TC 111€
C REPLACE AND STCRF TN! ELEVA ’ !ICN ANGLE VALUES

JJ= 2
JJJ JJJ+ 1
CBNIN (JJJ) ELBAN J (I—1 ,1,JHcP)
JTPMP (JJJ) =1—1
GO TC 1118

1113 l P(!L F A N ~~(I ,2,J F O P) .GT . ’ I !MP )  CC TO 111€
C R E P L A C E  T H E  I N D E X  V A L U E

JJ= 1
JJJ=JJJ + 1
D E M I N  (J.JJ) E L R A N J  4 1— 1 ,1,J H C P )
J T E E P (~ JJ) I— 1

1118 T !MF F L E A N J ( I ,2,JH OP )
1111 C C 4 I T I N D E

JJJ=JJJ + 1
DBPIIN 4JJJ) BETA !
JTErP (JJJ) KINT
DO 1147 11Q 1,JJJ

11 147 DDMIN (NC) CBMIN (Ne) ‘lEGS
P R I N T  8733, ( D D M I N ( N t ) ,K 0 1 ,JJJ)

C REMCVE SMALL CSCIT.LA’IICNS ERCM ‘IN!  LAY!!! CF THE D—B CURVE
C ASSUM E 150 KM O !CILIATICAS CR LESS ‘IC F E  R E P C V E D

JJR= 1
JJ= 1
DO 1130 1=2 ,JJ.J

C RETRIEVE THE IND ICES EGS CCMEARI SCN
J 1 J TE!F (JJR)
32=J T !rP (1)
DI}F5 !IBANJ (J1 ,2.JHCE) — ELRAN J (J2,2,J H CP )
GC TO ( 1135,1140),JJ

C 0—B CURIE SLOPING CCWNWARE5
1135 I F ( D I F F R . G T . O . C )  CC IC 1137

I P ( !L R A N J (J2 ,2 ,JHCP).LT.ELBARJ(J1 ,2,J R C P ) )  CO TO 1130
CBMIN (JJB) tF !IN (I)

• JT!HP(JJP)=J’rzNE(1)
GO IC 1130

1137 IF(ABS(CIPFR).I’I.1 50 .0) CC 10 1130
J Jz 2
.3JR= ,J ,IR+ 1
D B I I I N ( J J N ) C B M I A ( 2 )
JT!P!P (Jab)=JTEPE (I)
GO TO 1130

C C—F CURVE SLOPING UPWARDS
11140 IF (CIPPE.II.0.C) CC IC 11143

.4
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IF (ELRAN. ] (J2,2,JH CP) .GT .ELFAN.J (.]l ,2,JHC ()) CC ‘10 113C
D B M I N  (J JF)  D R M I N  ( I )
JTEPIP (J.~F) = J ’ I ! M P  ( I )
CC ‘IC 1130

11 43 IF(ABS(CIRPR) .I’I .lSO .O ) GC ‘IC 113)
JJ= 1
.]JB=JJB41
DPN!N (JJR )=CRMIN (I)
JTE!P (J J R )J T E M P  (I)

1130 CCN ’IINUE
tO 11146 K Q 1 ,J J R

• 11 46 EDNIN(Kç )=DPMIN(KC )*t !GS
P P I I~’I 8733 , (ECM IN( l(C),KC= l ,.JJR)
JJJ1” l= ,~JF— I

• PR I NT 114
114 FO R M A T  (21,21H’IH! RA N GE— B ETA VALD!S)

P R I N T  115
115 E OF M A T (1X ,9HPCI!I NC.,1C X ,6 H E L  t!G,1CX ,ENRAN G~ K M ,1OX ,SHG.P 1iTH NM )

L~~2K 3
IF (W(3541).EC .O.C) GC ‘10 11€
L 3
K 2

• 118 DC 116 1 1 ,K IWI
BEIEE = E LBA N J (I ,1,JHCE)*DE GS

116 P R I N T  117 ,I,BE’TAD ,E L R A N J (I ,L,J H C P ) , !LRAliJ (I,K ,JHCP)
11 7 FOBMA ’I(1X ,I6 ,8X ,F12.3 ,5~~,F12 .3 ,7X ,P12.3)
C CHECK TEE GIVEN RANG E AGAINST THE CA LCU L P IED ?ANGFS ‘IC FIND ‘IH~
C NUMBER CE SOLU’IICA S.

• KPLA G=O
C SET A FLA G EQUAL ‘10 ZEEC SO THAT IF ‘1FF ‘!N’IERPOLAT ICN ECES NC’!
C CONVERG E WITHIN TEN TRIE S, T H E R E  I! N C E C I U T I O N  FO R T H A I  AN GLE
C (M E L A G )

IF ( F L R A N J (1,2,JEOP) .LT.BAN GE) KELAG 1
DC 123 I = 2 , N I N I
IF (KFLAG.E Q.1) CC ‘IC 18~

)
C CHECK TEE NEXT SANG ! IF LARG ER THAN GIVEN RANGE

I F ( E L R A N J (I ,2,JHOP ).G’!.RANGE) C-C IC 12C
C INCREMENT NSOL AN D HCME ‘IN! SCLU’IICN ‘IC FIND ‘IRE APPROXIMA TE
C ELFVA TICN ANGLE.
156 EB= (ELRANJ(I ,1,JHCP )—ETRAN J (I—1 ,1,JHCE)),9.C

BETAI= !IFANJ (I—1 ,1,J H O P )
CR= FLRENJ (1—1 ,2 ,JF.OP)
NFL A G C
tO 127 3 1 ,lO
IF (KPLAG.EQ.1) CC IC 129
IF(CR .LT.SANGE ) CC TO 128

125 EL RA NJ( I— 1 ,1,JHCP )=BETA I
ELRA N J (I—1 ,2,JH C P ) C B

• 
• EETAI=E!IAI+DB

CALL FI’!T(C a,CGP ,EF’IEI)
GO ‘10 127

128 E L R A N J ( I , 1,J H C P ) = B ~~’I~~I
E L B A N J  (2,2,JHCP)=CR
GO TO 12€

129 IP (CB .G’I.R A N G!) CC ‘IC 128
GO TO 125

• 127 CCNTIN (E
C WE C A N N C T P I N E  A S O L U T I C A

• 175 00 1275  JK 1 ,J J J M I
JJE=JK

~
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IF (BETAI.CT .CBMIN (JN ).ANE .EE ’1A .LE.DEIIN(JK+l) ) GC TO 1280
12 75 CCNTINUF
12 80 GO TO (1281 ,1283 , 1285 ,1 28 7 ,1289 ,12 91,1 2 5 3 ,1255) ,JJK
128 1 P R I N T  12 82
1282 FOR M AT (2~~,6 2 E C A N N C T  P I N E  A E P B C X I M A T E  S C L D T I C N  FOR F I R S T  L A Y E R  L C W

1AN G I )
GO ‘IC 171

12 83 P R I N T  128 4
12814 FORMA T (21,62HCA I’NC’T FIND AEPP CXIY. A TE SCIC’1ICN FCR FIRST LAYER HIGH

1 A N G I E
CC ‘IC 171

1285 P R I N T  1286
128 6 PO R N A T ( 2 1,62HCANNCT FINE AEPF CX IPA ’1E SCIUTICN FOR SECOND LAYER LOW

1 A N G L E
GO IC 17 1

12 87 P R I N T  12 88
1288 FOPMA I (21 ,62H CA N N C T  F I N E  A F P R C X i M A TE SC I U T I C N  E C P  S F C C N D  L A Y E R  BI G

19 A N GLE
GO TO 17 1

1289 PRINT 12cC
1290 F OR M A T (21,62HCANNCT FTND EPPF CXIMA’~ SCLI’IICN FCR THIRD LAYER LC W

1A N G L E  )
GO ‘IC 171

12Q 1 PRINT 1292
12 92 F O R N A T ( 2 X ,62ECANN CT FIND A !FFCXIPA ’1E SCIU’IICN ECR Th IRD LAYER HIGH

1 A N G L R  )
GO TO 17 1

1293 P R I N T  129 4
129 4 FOB M A T ( 2 X ,62H (ANNCT FIND AE PRCX I ?AT1 SCIIJTICK ECH FCUF’IH LAYER LOW

1 A N G L E
GO ‘10 171

1295 P R I N T  129 6
1296 F O R M A T ( 2 x , 6 2 H C I N N C T  F I N D  AEFE CX IMATI SCLUTICN FCR FOURTH LAYE R BIG

1H A N G I E
GC ‘IC 171

C USE LINE A R IN’!FEFCLA’!ICN PPNGEZI+Q* !ETA
126 I F ( E L R A N ~~(I—1 ,1 ,JHO!).FC .ELBANJ (I,1,JHCP)) GC 10 175

Q=(ELRAN.3 (I—l ,2,JROP)— FIBANJ(I ,2,JHCF))/ (!IBANJ (I—1 ,1,iHCP)—
1ELPANJ (I,1,Jh i C t ) )
IF(Q.!ç.C.0) CC TC 175
P=ELRAN.3(I— 1 ,2,JHCP)— O* FLRALIJ (I— 1 ,1,J H C I )
BE’IA I (EPNGE— !),,Q
CALL FlIT (CB ,C G P .EF’IAI )
IF (J F L A G )  13C ,13C ,1~~S

130 DIFF=RAN G !—CR
IF (t I F F ) 135 ,16C ,114 5

135 IF(EIF!411!G) 1UC ,l € C ,16C
1 40 IF (KFLAG.EQ.1) CC ‘IC 1146
136 YLBAN J (I—1 ,1,JH C P ) E E 1 A 1

ELRA NJ (I— 1 ,2,J E C P ) CR
M FLAG NFIAG +1
IF (MFLAG .G! .10) GC ‘10 175
GO TO 126

1l& 5 IF (DIFF—LIFG ) 1€C ,1€C ,1!C
150 IF(KFLAG.EQ.1) C-C ‘IC 136
146 E L R A N J (I,1 ,JHOP) EE ’IAI

!L BA NJ  (I ,2,J H C P ) CB
N F L A G M ! I A G + 1
IP (MFLAG.GE .10) GC TO 175
GC ‘IC 126

C WE HAVE FOUND TEE APEB O IIMEIF ANGLE

L! ~_L~~~-.•~~~ •~~~~~~~~
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16) NSC I N!CI+1

J SOL ( J H C E ) N S C L
A P F C X ( N E d , 1 ,J H C P )  = B E I A I
A P R C X  ( N S C L , 2,JH C P ) I
EREI A F  ETAI*CE C-5
DO 11 63 JK= 1,JiJM1
JJK JK
IF (PPIAI .GT.EBNI N( JN).AN D .E!TA I .IT.EBN ’1N(JFil )) GC IC 1170

1 163 C C N T I N U E
117~ GO TO ( 117 1 , 1173 , 117 5 , 1177 , 1 179 , 1181 , 1183 ,116 5)  ,J J K
1171 P R I N T  11 72,N S C I ,CE!T A ,CR ,CG P
1172 ?O P M A I (2 X ,28HA PPBCX IMA’I! SCLUT CN NUM BER= ,13 ,2X ,2 2 H F I R S T  L A Y E R  LO

1W ANGL E , 1OH ,EL.AN GLE ,PS.3,2X ,6 H P A N G! ,Fe.3,2X ,79G.PATH ,F8. 3)
GO ‘10 171

1173 P R I N T 117 14 , N S C L , E P E ’ I A ,C R ,C G P
1174 F0RMAI (2x ,2RHAPPR O:UMA ’1! !CLtI’IICN NUME !R= ,13,2x ,23HFIFsT LAYER HI

1GB A N G L E , 13H ,EI. ANc- L E= ,PE.3 .2 X ,6H BAN GE= ,F8.3,2X ,7HG .PATH= ,F8. 3)
GO ‘IC 171

1175 P R I N I  11~~6,N S C L ,t E E T A ,CP ,CG~
1176 FOPMAI (2X, 2SHAPPR CXIM A ’IE SCLCTICN NU M B FF= ,I3 ,2!,2 3 H S P C C N D  L A T E R  L

lOW ANGL E ,1~~H,E l .ANGIE ,!8. 3,2X ,6 H R ~~NGE= , P8.3, 2X ,7HG.PATH= ,Fe.3)
CC ‘IC 17 1

117 7 PR I N T  117 8,NSC I ,E F!T A ,CB ,CGP
1178 FOPNAI (2X ,28HAPPR CXIMAI! SCLUTICN NENB!F ,13 ,2X ,2L4HSE CCND LAYE R HI

1GB AN G L E  ,10H ,!L. ANGIE = ,PS. 3,2X ,€HRAN GF= ,FE.3 ,2X ,7HG .PATH= ,F€.3 )
GO ‘IC 171

1179 PRINT 11EC ,N SC L , LEE ’IA,CR ,CGE
11 80 FCRMAT(21 ,2EHAPPR CX IMA ’IP SCLUTICN N U M B ! 5  • 13 , 2X ,2 2 H T H I R D  L A Y E R  LO

1W A N G LE , ICH ,EL.AN GL!= ,Fl3 . 3,21 ,6HRANGE= ,Fe .3, 2X ,7HG.PJTH= ,FR. 3)
GO ‘IC 171

1181 P R I N T  1162 ,N S C I ,DEE’ !A,C R ,Cc-P
1182 FORrAT (2X ,28HAPIB CX IMAT ! ECLCTICN NCPB!F= ,fl ,2X ,2 3 H T H I R D  L A Y E R  HI

1G M A N G L E  ,13M ,EI .ANCI != ,F8.3 ,2x ,€HRANGE= ,Fe. 3 , 2 X ,7HG.PATH ,!E.3)
GC ‘IC 171

1183 PRINT 11814,NSO I ,EEE ’IE,CB ,C G P
118 4 Pov’AI(2X ,2 8 H A F P B C X I M A T! S C L U T I C N  N O M B E F  ,I3 ,2X ,2 3HF O U R T H  L A Y E R  L

lOW AN GLE ,1OH ,EL .ANG LE= ,F8. 3,2 X ,6HRANGE= ,F6.3 ,2X ,7H G.PATH= ,FE.3)
GC ‘IC 171

1195 P R I N T  1186 ,N S C L ,E B F I A ,CE ,CC-E
1186 POR M A T ( 2 1,2EHA PPRCX IPA TE SCLUTICN NUMB!B= ,13 ,2X ,2LIHPOUFTH LAYER HI

1 GB ANG LE ,1OH ,!I.ANGLE= ,Fe.3,21,6HRANGE= ,!e.3,2x ,7nG.PATH= ,pe. 3)
171 IE (KFIAG.EQ.3) 11 1 1

IP (J (FLAG .EQ.1) ILL=C
K F L E G I I I
GO ‘10 120

C CHECK iF ‘IN!  NEX T RANGE I! SMALLER IRAN CI~~E N  R A N G E
180 IF (!L P A N J (I ,2,.EOP) .LT.RANGE ) OC IC 120

GC ‘IC 15€
120 CONT INUE

• 280 IF (NSCL.c-T .O) C-C ‘10 3~ Q
• P R I N T  28 C !

2835 PORMAT (2X ,3491F!EE ABE NC A!PRCXIMA1! SCLU’IiCNS
• GC TC 30C

1000 PRINT 1CC !
1005 P O P M A T ( 1 X ,47RT1!ER! A RE LESS THAN THEE! ECINT ! IN THE DENSITY)

GO IC 3 C C
400 P R I N T  l i l C
410 P O R M A T (1X ,25HTH1 FRICUENCY I! ‘ICC HIGH)
303 C O N T I N U E

• 80CC CONTINUE
C CHECK ‘IC SEE IF I I  15 CHE BC! MCDE

• ~~~~~ 
• 

~~~~~~~~~~~~~ 

•:~~
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• I?(NHOE. !ç.1) CC ‘IC 12~ 0C
C C H E C K  I! T H E  H O P S  A R E  S Y M M E T E I C  W I T H I N  I C E R T A I N  T C L E R A N C !

DO 8050 I=1 ,N H C E
IF(J SOL(1).EQ.C) CC IC 8050

C T H E R E  AR.! SOLhJ ’IICNS
GO ‘IC B O f O

8C 5 0  C O N T I N U E
C S E T  THE C C N T P C L  N E O L  ‘IC Z E P C  C ! N C T I $ G  N C S C L U T I C N S

NSCI C
GO ‘IC 12CC3

C CHECK FOR SYMM ETRI C ECES
• 8060 KHC F=N HCE— 1

DO €C70 I 1 ,N R C P
IF(JSOL (I).EQ.J!OI(I41)) CC ‘IC €070

C THE HOES ARE NC’! 5Y p.r.F’IRICA L
CC TO 61CC

8070 C O N T I N U E
C CHECK IF THE EIEVA’DICN ANGLES Al! CICS! ‘IC EAC H OTHER

KFCINT=JECL(1)
C ONE DEGR EE SE!ARATICN MAXI M UM

XX J 1. C’! AC
DO 8080 1 1 ,K P C I N ’ I
HT!MP=APFCX (1,1 , 1)
DO 6) 85  J =2 , N B C E
IF (ABS (F’t!P!P—AEFCX (I,l ,J)).L!.XXJ) GO ‘IC 8C85

C THE HOPS ABE NOT SYMMETRIC SINCE THE !I!VATICN ANGLES AR! NCT
C CLOSE IC EA C F CIF~~

CC ‘IC 81CC
8385 C C N ’I I N U !
8C80 CON’I IN t !
C THE HOPS AR ! SYMMETRIC

NSOL=JECL (1)
CC TO 12CC O

8100 CO 8120 0 1 ,N H C E
JJ=1
T E N P R  (JJ ,J) F I R A N J ( 1 ,2,J)
XJ JJ~ R A D
to 8110 i=2 ,K IN ’I

8111 IF(!LRANJ (I ,1,J).LT.XJ) CC TO €110
C INTERECLITE LINEA RLY CM THE FANG!

SI C FE ~~(FLRANJ (I—1 ,2,J)—!IRANJ(I ,2,J))/(EL?ANJ (I—1 ,1,J)—
1ELRANJ (I,1,J) )
CRCSS ELSANI ) (I—I , 2,.)) —SLCU’!LRINJ (1—1 ,1 ,J)
T EM P S (JJ +1,J)=SLO !E*IJ +CPCSS
.3J J.3+ 1
XJ=JJ *F ID
CC TO €111

8110 CCNIINUP
• N P O I N T ( J ) JJ

€ 1 2 C  C O N T I N U E
C F I N D  T H E  N U M B E R  CE E C L U T I C R E  El C O M P A R I N G  IN !  SUN C! TH E RANG !S/
C HOP W I T H  T H E  G I V E N  F A N G !

I T E P P = N E C I N T ( 1 )
• DO 8130 I=2,N E C E

IF (RPCIN’I (I) .G1.IT!PF) CC IC 8130
I T E M P Z N P C I N I  ( I )

8130 CONTINUE
C RECOPY ‘ I R E  T !NECRARY ARR1Y S CNTC THE PER MANE NT CNES

DO 81 4C lzl ,IT!PP
DO 81140 Jzl,N H C E

• E L R A N J 4 I , 1,J ) z ( 1— 1 ) * F A D

~~~~~~~~~~~~~ 
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81140 EL RAN J( I ,2,J) ‘IFMEP (7,3)

NSCI O
SUM 1=3.’
CO 6145 J=1 ,N E C E

81145 SU M 1=S UM1 G IENPR11 ,3)
Do 8 150 I=2 ,I ’I !P P
SUN O.C
DC 616C .~~l,N f l C 1

8160 EUPI=EUM 4TEMPB (1,3)
IF (SUM .L ’I .TRANGF .ANI .Et JPl .LT .TRANGF ) GC ‘IC 6114 9
IF (50M.C-T .TRANG !.AN t.EUN1 .GT .’IRAN GE) CC ‘IC E14~

C WE F C U ~~ A SC1U’IICN
NSCI NSCL41

C INTERECIATE TO FIND THE APPROXIMATE ELEVA’II CN ANGL E
SLCP !=(SUM—SUM1 )/ (FLFANJ( I ,1,3)— !LRAN J( I—1 ,1 ,J))
CROSS SUM1—S LCPE ’ELFAN J (i— 1 ,1,J)
A P R C X  ( N S C I , 1,1) = (TEANG F—C RC 55)/ 5LCE!
A P R C X (N 5CL,2, 1) =1

8114 9 S U M 1 S U M
8 15C C C N T I N U!

CO 6771 K ç 1 ,91
PB1= !LRA)J (KC, 1 , 1)’t!GS
PR2= !LPANJ (K Q, 1 ,2)*E!GS
PRINT € 73l4,P R 1,FL FAN J (KC, 2,1) , P F 2 ,ELEANJ (KQ,2,2)

87314 FORMAT (1X,2F12. 3 , 121 ,2E12 . 3)
€77 1 CONTINUE
8733 FO F M A T (1X ,12F8.3 )

• 12000 R E T U R N

•
‘
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EURROUTIK! FI’I’I4RANC,GFC UP ,A M G )
REAL’S EARTHR ,BE , AA ,PB,CC,FP ,A1 ,E1 ,C1,HAI’I ,A B G UN ,X l , X 2 ,X3 ,R1 ,P2 ,X,

1E3 ,YI ,lI ,xJ ,B3,Ef ’IA , CR ,CR 1 ,C R 2 ,C R 3 ,CG E ,C GF 1 ,C G P 2 ,C GP 3
CCPPCN/CC NS’I, PI,EI’12,P1 C2 ,D E G S,F A E ,D U N (3)
C C M M C N~~L !NSC / C ! N E ( 5 2 ) ,H!I’r( !2) ,! L R A N J ( 9 l , 3 , 2 ) . A P 1 4 c x ( 8,2 , 2 ) , F R A T I O

l ,N M A X ,NS ’IART ,J P I A G ,N E C L ,EEMIN(21) ,J J J N I
CONPCN /CC!EP/ P1(!2),E1 (!2),C1(52) ,FIII(E2),R A P C G E ,B A P C G N
COMIICN Y (6) jS~W, ID (1C) ,WC ,W (I4CC)
E Q O I V A I F R C Y  ( E A R T H  ,W ( 1 9 ) )

C CR IS ‘LEE CALCULATED BA RGE
C NMA X IS TM! NUPPE F CE POINTS UP TO THE 1-EIGHT OF MAXIMU M ~E N S I T Y
C MElT IS ‘ IHE HEIGHT INCREMEN T S CC FRESP CNDIN G ‘IC THE DENSITY
C DENS IS TB! NCRMA II?!C DENSITY
C CGP IS ‘IF! CAICELATEC GPCUE PAT E
C PR AT I O IS T H E  ‘I R A N S ! IS S I CN  E!!çt!NCT ,E , E ç U A F E D .
C BET A IS T H E  ! I E V A T I C K  A N G L E
C N S T A R T  15 T H E  I N D E X  AT W H I C H  ‘IN! D E N S I T Y  H A S  A V A L U E

SQFT (X) =LS QB’I (I)
ILCC (X) = CLOG (I)
ARSIN (X )=EABSIN (I)
A R C C S ( X ) = D A B C C 5 ( X )
CCS (X)=ECCS(X)
SIN ( X ) - L S I N  ( I )
A E S ( X ) = D A E S  ( I )
CD 1= 1. CEC
rD2=2.ODC
t t 4 44 . C I C
RET A KG
FP ERA ’1IC
E AR ‘11- R El B TH
JPIAG=C
R E E A R ’ I E R * * 2
M=N ETAFT

C CALC ULA TE TH E PANc-! AN D GFCUE PA TH !FCP. E A R T H  S U R F A CE IC T H E
C BC’ITCM CE THE ICNC SEHERE

• C R = A B S ( f l P T H P *C C S  ( B E T A ) , ( FA I l  ( N )  4 E A P ’ I H F ) )
• CR tE2~ !ARTHR ~ (ARCCS (CR) —EF TA )

CGE=tC2’ (SQRT ((EAFTFF+HU’I (M))**2— (PAR’IEP*CCE (FEll)) “2) — FA RTHR ’
1SIN (FEll))

C SET UP THE CCNSTANIS !A ,L~~,CC ECH TEE FIRST THREE PCIN’1S
33= 1
AA DDI-A1(JJ)/!F
PB — B1 4,13)/PP
CC —C1 (3.3) /PF— (EABTFP’CCS (FEll) ) ‘*2
A B G t J M = E E * E !— E t I $ ’A A *C C

• I=P.3
R 1 = E A R I E E + H A I ’ I  ( N )
R2 F A R T F B + H A I ’ I  (P .1)

• P3=EA R ’IFF+HAIT (M+ 2)
X1 11’B1’B1 +RF’F14CC
X2=A**P2~ R2,EE*F2,CC
X 3 = A A * E 3 * F 3 4 B E *F 3 4 C C
IF (X1) IICC,400,!2

52 I P ( Y 2 )  55 ,55 ,56
C THE PAY FIPLECTIE
55 lIrli

BI=P1
GO ‘IC 3C!

• 56 IF(73) 57,57,7!
.5 

57 7 I = X 1
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BI=F
GO ¶0 3C 6

C C A L C U L A T E  T H E  F A N G ?
75 IF (CC) 7C ,6C,6C
7f CR 1=Ct2’PF*CCE (FEll) ,!QBT (-CC)

CR2=(EE*R 3+CD2*CC)/ ( A E S  ( F 3 )  ‘S C a T  (ARGUN )
Ca 3= (~~F ’B 1 # t t 2 *C C) /  (A BS ( R I )  ‘SçBT I A B G U N ) )
C R = C B . C R 1 ’ ( A R S I N ( C R 2 ) — A R S I N ( C R 3 ) )
GO ‘IC 80

60 CR1=— Ct2*R!*CCS (F!TA),SCBI(CC)
CR2=AES(t02*SQEI (CC*fl),R3+Ct2*CC/93+BF)
CP3=ABS(tt 2*S~ BI (C C’X1),R1$tt2*CC/R14BF)
CR=CB+CBI ’A LOC- (CR2/CR3 )

8C CGP1=tD2*(SQR’I (13)—SQRT (X1) )/A&
C C A L C U L A T E  T H E  G R O U P  P A T H

• IP (lA) 9C ,I OO ,1CC
90 C G P 2 = ( t E 2 ’ A A * R 3 + F E ) / ( S Q R ’ I ( A R G I J N ) )

CGP 3 ( t C 2 * A A * R I 4 E F ) /  (S~~FI ( A R G U M ) )
CGP=C GF+CGP1+FBt (APSIN (CGE2) —ARS IN (CGE3)), (AA*SCRI (—Ak))
GO ‘IC 11C

103 CGP2 AES(tD2’SCBT (AA*X3) 4tt2’AA*F 3+EE )
CGP3 A E E (DD2*SQBT (11*11) +tt2*PA*B1 ,BE )
CGP= CGT+CGP 1—FE ’AL OG (CGP2/CGP3)~ (AA*’l.S)

C START ‘IWR CALCU IAT ICN FCR THE REST CF TEE IENSITY FBCFILE
1IC DO 20 I=L ,N M A X

33=33+1
C SET U P T E E  C C N S T A N T E  AA ,FE ,CC
120 AA ttl-A1 (JJ) ,’E!

FB — f 1 (3 3)/ F ?
CC=—C1 (3.3)/FE— (EAFTHB’CCS (FF11) ) “2
A B G U P ! ! E * E B — C U I J *A A * C C
BJ=~~A fl1PE +H A I T  (I)
PI= !AB ’IUF+HAI ’I (1—1)
XJ A l ‘B.)’ P J +~ F ’ FJ  4CC
X1 A1*R1 ’BI+FB*RI4CC
IV(XI) 3C0 ,300 ,172

172 IF (i3) 2CC ,3CC ,171
171 IP (CC) 173,16C ,16C
C C A L C U L A T E  TM! B A N C -! U P ‘IC R E E I ! C ’ I I C N  H E I G H T
170 CR1=rD2tF !*c05(El’IA),’!CPT(—CC)

CB2= (EE’FJ4DD2*CC)/ (ABS (BJ) ‘SçBI (ABGUM ) )
CP3= ( B B * E I + t D 2 ’ C C ) /  ( A B S  ( R I )  *SçS’I (ARGON) )
CR=CP +CBI* (ARSIN (CR2) —A RS II4 (CR3))
GO ‘10 1FC

160 CRI=—tt2*BE*CCS (BETA) /SQBT (CC)
CR2=AFE ([t2’SCBT (CC*XJ)/RJ4tt2*CC /HJ+RF)
CR3=AB S (1t2*SCF’I (CC*XI)/R14DD2*CC /R1+EP)
C R C B 4CR 1* AL 00 (C F 2/C F 3)

180 CGPI=Ct2* (SQR’I (XJ)—SCRT (XI) )/AA
C C A L C U L I ’ !! TN? G F C U P  P A T H  U t  ‘IC P ! F I E C T I C N  H E I G H T

• IP (AA ) 1SG ,20C ,2CC
190 CGP2 (tC2*AA*R3+FE)/(SQRT (APGUN))

• CGc3~~(tt2*AA*PI4BB)/ (SCFT(ARGUM ))
CGP=CGP +CGP1+ EF’ (AR SIN (CGP2) —A RS IN (CGP2) )/ (AA*SQR’! (—AA ))
GO ‘10 2 0

200 CGP2xAES (tC2*S (E’I (AA ’XJ ) 4tt2 ’AA *FJ+EF )
CGP3 IFS (DD2*SCFT (11*11) +tD2*AA *PI+RE )
CGP CGP+CGP1—EB*A IOG (CGE2/CGE3)~~(AA*’1.!)

20 CONTINUE
• 130 J P L A G 3

GO ‘IC 400



3 C )  C 3 N ’ I I N C E
RAP CG P (—88+5GB’! (ARGUM ) ) ., ( t t 2 $ A l )
RhFC G~~= (-BB—ScBT ( A R C - U N )  )/  (tD2*AA )

20 ! IF (CC ) ~C ,32 C ,2 2 C
3 10 CR 1~~Dt2’FF*CO S (EF’IA)/SQRT (-CC)

C P 1t2
CB 3 =  ( P E ’ F I + t E 2 * C C ) /  ( I F S  (B! )  ‘5CR ’! ( A R c - C M ) )
CR=CR +CR1* (CR2—ARSIN (CR3))
CC ‘IC 35C

32~) CR1=— c12*BE*CCS EETP)/SCRT (CC)
CR2=AFS (SQRT (P.PGUP))
CP3=~~BS (CD2*SQRI (CC*Xl) ~RI+DD2*CC/R 14FF)
C B = C F 4 C R 1 * A L O C ( C R 2 / C F 3 )

350 C G t 1 — t t * S C F T ( X I ) / P ~
IF U I )  36) , 373 , 37C

369 CGF 2 ~~~P I t I
CG 12 ( t D 2 *A A * B T + B B ) /  (S O RT ( A R G U M ) )
C G P = C G P + C C P 1 + E B * ( C G E 2 — A P S I N ( C G I 3 ) ) / ( l A * S C R ’ I ( — A A ) )
CO ‘IC 4CC

370 CGD2= PES (SQRI (AFGtJM))
C G P 3 = A E S  ( t t 2 ’ SQ B T  ( A A *X I )  4 D C 2 ’A A ’ F I + t E )
CGP=CGP ‘C GP 1—F E ‘A LOG (CC! 2/CGE 3)~~(AA” 1. 5)

400 BANC . CF
CRC U 1= C GE
IE(1~(3914).EQ.C.C) GC ‘IC ~C C
R A N  G CG E
G N O U P=C N

5CC RETURN
E N D

I 
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SURF OU’IIN! GRC CEM
C A SUFR CC ’IINE ‘IC CCM PUTF 11-F M INI M UM c - F C U P  PATH
C F I R S T  W 3 F I N D  Y E !  P E b E T R A T I C K  A N G LE I N C  T H E N  US! C H F C N I N C
C AN D CHCIEING TEC HNIC t E ‘IC LO CA T E TEE !IN!P’U? W i T H I N  A G IV EN
C TOLERANCE IN c-E CU! PATH

CCPPCI4/CCNST/ tI ,cI’1 2,t I t 2 , t}G5 ,F A E ,LUP (3)
CCMNC N/!LAGS,IFL&C, IGRI
C(~N PCN 1 (12) ,I,WW/It (IC ) ,b C ,W (4CC )
CCMM CN/ I3ENSC/ DFNS (52) S MElT (52) ,EL RAN J (E1 ,3,2) ,A P B C X ( 8 ,2,2) ,EPA ’IIO

1,N M P X ,NsTaRr ,Jr [Ac,N SCL ,CPMIN (21),J.)JMI
COPINCN/t !NX/ PH (19 ,52 ,5) ,‘ L E E r E ( l S )  ,FGT(52 ) ,E E I (!) , FRES (14) ,H I
COMPICN,tC-2/ LAIM X ,LCNM X ,19T U
CCNMCN, FP/N ,S I F F ,P CI ! ,ECM Y (5), E S T A F I
CCE1MCN~~FIN/XN2 ,’!MUX,EN2 (8),!CL~~E (4),SPACE ,C C L t ,E t E L D
CCPPCK/NE CPI/ NPF IN ’I,N C E I ,MFR’I
EQUIVAL ENC E (EABTE° ,V (1 9 )) , (F ,W (3)).(AZ1 ,~~(18)),(6!TA ,k(17)),

1 ( C N L Y ,W (371)) • (121 ,W (263) )
E QU I V A L E N C E  ( E I 3 ,W (378)), ( T H C ,B (3 7 7 ) )
N SC I C

C SELECT ‘IU LCNGITCDE CCCFEINA’I E CF t!NSI’IY
EPBI=AES (PB! (2)—PHI (1))
NK=LCUX
DC 110 N 1 ,L C N E X
DI!P1=AES (PRO— PHI (K))
IF (ttF P l—D PHI ) 120 ,115 ,11C

1i~ qc=K
CC IC 13C

120 K K N
IF (N .GE .ICNMX ) CC ‘IC 13C
D1FF2 1F5 (PRO—PHI (K+1) )
IE (DIFF2 .LT.DIPP1) I (K K + 1
GO ‘IC 12C

1 ’~ C O N T I N U E
C PRINT TM! EBPCF MESSAGE

P R I N T  12!
125 POBMA ’1(21,’CANN CI PINt N LCNGITUE E CICS ! IC ‘19! TRANSMITTER’)

GO TO 14C C
C SELECT TRE CCLA ’IIIUL! CCCRE INA ’L E OF LEKSI’IY
130 !TM!TA A FS (THETA (2) —THETA (1))

IL=LATU
CO 135 1=1 , LA ’IPX
DIE! 1=AES (THC— ’IHEIA (L))
IP (UIFE1— DTHEIP) 145 ,140 ,135

140 11=1
GO ‘IC 16C

1145 L L L
IF(I.G!.IAT!X) CC IC 160
DIFE2 AES (TBC—TEEIA (141))
IF (tIPFl.LT.DIEE2) 11 141
GO ‘IC 160

.5 
135 CCNTINU!
C PRINT ‘LEE ERRCF ME SSA GE

PRINT 1!C
150 F O R M A T  (21,’CAIcNCT FIND N CCLN ’IITtDE CLCSE ‘IC TB! TRANS PITTEB’ )

GO ‘10 1400
C EXTRAC T ‘IL! DENSI’IY
160 DC 165 L~~1,LHT~~!• 165 DENS (L)~~E H (LL ,I,T(N)

‘ I E N F = D E N S ( l )
DO 170 j *~~~~,LH’1p~~X

I
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I P ( L E N S U )  . L P . ’ 1 E N P )  CC IC 170
N M A
T E P P x D I N E  (L)

170 C O N T I N U E
H N A X = F G ’ l  ( N N A X )
F C = D E N S  ( A N A l )
N R I T ! (6 ,24) F

214 FOPPAT(1X , ’THE ‘IRANENISSICK PREQtEN c y~~’,P12.S ,’ MHZ’)
T O L G R E 1 .0

C TEME CRA NE *LICCA ’IICN CF AIIMUTH IN R (263)
A Z 1 A Z I

C COMPUTE THE EL EVATI C I I ANGLE FOB A T R A P P E D  N A !
T E P I P A =  ( E A R T H B + H P I A X )  *SQR T ( 1 . 3 — ( P C/ P )  ‘*2)~~E A B I H R
I F ( T F N P A — 1 . C )  1C , I C .9 CC

10 !!TAF~~ARCOS (TEMPA )
20 EE1l1 =EETAR
C I N I T I A L I Z E  T H E  R A Y  P A F A N ! T ! E S  A N I ’ I  ‘ I R A C ! IF! N A !

CAll R)!INT4AZ1 ,F ! TA 1 )
EETA B!’IAl
EL E ! T A ’t E G S
A ZN=AZ l’tEGS
WRITE (6 ,25) !L,A ? M

25 P C P P A T ( 1X , ’ F L ! V P T I C N  ANGLE OP TFANE PISST CN ’,F12.6,’ LFG’ ,5X,
1 ’A Z I M C ’ I R A N G L E  C? TFAN S PISSICN = ’,P12.6,’ LE G’)

C AL !  T R A C E
N PR
IP (IGRI.A! .C) CC ‘IC 9 50

C CHECK PCF PERE ’IFNTICN
IP (CWL!.EQ.0.C) C-C IC 3)
F ! T A N = C . S E * E F T A E
CC ‘IC 23

C 51CR! Iii! VALU E !
33 G R O U P 1 ~~I
C IAN! 951C1 iNITIAL TRAPP ING ANGI E

F F T A 2 = C . S ! *B E I A P
CA LL R111NT (A 2 1 ,!!T12)
B!TA FE1A 2

El 1* 1 F CS
WRI’Y!(6,25) !L ,P ! M
C A L L  T R A C E
NPRT O
I P ( I G R I . F E . 0 )  CC TC 950
GPO liP 2 “I

C T A K E  9C~ CF I N I T I A L  T R A P P I N G  A N G L E
PFTA3 C.S0*B!’IAF
FETA Lz I I! A 3
CALL RA!INT(AZ1 ,RE113)
RET 1= F! 1 1 3

• FL B E T A ~~E E GS
W P I T ! ( € .25) !L, P Z N
C A L L  T R A C E
NP RI = C

• IP(IGF’!.N!.O) GO IC 950
GR C U P 3~ I

C CHECK ICE THE S E A R !  CF THE CU RVE
LeO IF (GROUE3 .L’1.GRCUE2) CC ‘XC 80
C SLCPIKG ‘ICVARLS THE EIGHT TO GRCUP 2
50 IF(GRCUI2.LT.GPCU !1) CC IC 2C C
C S L C E I N G  T O W A R D S  ‘ l EE  B I G H ’ I ; P I N C  I NF~ ! ! N ET R A ’ I I C N A N G L E

• C I N C R E M E N T  FE’IAR F! 51
PE T A P~~1.C !*E! ‘IA I

I
~ II
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6) CAL l RPY ]E~T (A?1 ,E!’IAN)EF’I = E I ’ I A R
!L=EETA*DEGS
W B I T F (EE ,25) !L,A Z P
CALL ¶FPC !
(~PRT=C
!F(IGF’I .NF .C) CC TC 95”

C C H E C K  E C N  P~~N E ’ I R A ’ I I C N
TE (CNIY .C-’I.C.C) GC ‘IC 73

C INTE RCHANGE THE VAL (FS
B E T A  3~~E El
P FT 12 F F’] 11
F E l l  1 1
GROUP 3=GECUP2
GPO U! 2= CECtJP1
G B C LJ P 1= ’!
GC ‘IC SC

C PAY PEKE TRAT FE L FC P~~~!N T T H E  N N G I F  F!
70 E~~’IAR=C .~~c’BF’IlE

GC ’IC €C
C SLCPING ‘lCWABtS ‘IRE LEFT
80 EE’IPL=C.cS ’FE’IAI

C I I I  R A Y I N T  (A T i ,F E T A I )
PETA =BE ’IPL
EL EET 1*CEGS
WFI’IF (€ ,25) EL ,A Z M
CA l L T R A C E
N P B ‘I 0
I P ( I G N ’ I . N ! . O )  c-c IC 950
EF T l 1 E f~~A2
FFTA2= FE ’I13
E ! T A 3 = E E ’ L A L
GB CU P1= GECUE 2 - •

G R C U P 2 C !C U P 3
GBCUP3 ’l
G O ’IC tl C

C WE FO U N D  A S N A I L  V A L U E  G F C U E 2  I N C L U D E D  F E T W E E N  IWO L A R G E R  V A L IJFS
C GPOL’Rl Al t  GRCUI 3
C USE TN! CHOP METRCD CM !1’!EEF SIDE C! GRCU E2
200 B!TAS=PETA3+0.5’ (F!’1A2—E!Il3)

BETI4=EE’112+3 .5’ ( E E ’ I A 1 — E E ’I 1 2 )
CAL ! BAYI NT (171 ,B!TAL4)
B E T A = B ! 7 1 14
EL=PFTA*LE GS
WRI’1F (6,25) EL,A Z P
C A L L  T R A C E
N PB ‘I

• IP(IGRI.NE .’)) GC IC 950
GRCUP4=T
CAll RAYIN T (A21 ,E E T A S )
E !IP=EETIS
!L=B !IA*t!GS
WRI’IE(6,25) EL ,A Z N
C A L L  T R A C E
NPR’X O
IF (IGRT .NE. ’)) CC IC 950
G R C U E ~~~T

C CHECK I! IT IS hI’IHIN ‘IRE TCI!RAI’CE
IP (APS (GBOUP5—GROCP ).G’I.’ICLGBP) GO ‘10 210

• IP(GROUE4.LT .GFCUPS) GO ‘IC 350
GO TO 300

I
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C C H E C K  TB! L F ? I  S I t!
10 IF(CROUPS .GI.GRCUP2) GC IC 223

C R E P L A C E  T H E  L E F T  SI t! V A L U E S
EE’IA1=E !T*2
BET A 2=5 5 ‘IA !
G R O U P  1 G F C U P 2
GRCUP2 GFCU ! 5
GO TO 20 0

C CHECK I! IT IS ~I’tHIN VIE ‘ICLERAN CE
220 IF(ABS(CEOUPL4—GFOUP2) .l! .TCLGRP ) GO TO 2!C
C C H E C K  T I! R I G H T  S I D E

IF(GB OUEII .GT.GBCUD2) CC IC 2110
C R E P L A C E  ‘I R E  R I G E T  S I D E  V A L U E S

F!112 F1 ’IA2
BFTA 2 EF ‘1114
GROCR 3 GFCT!P2
GROUP2 GROUPI4
GO ‘10 2CC

C REPLACE THE MIDtLE PCR ’IICN
2110 PEIA3=E F ’IAS

P!TA1 FETA L 4
GROUP 3=GF CUP5
GROU FI=C -FCUPI4
GO ‘IC 2CC

C WE F O U N D  ‘IRE L E F T  SIC !  M I N I N U N  V A L U E CF GB C U P  P A T H
300 IP(GRO tJPS .GT .GFCUP2) GC ‘IC 3C~

C BC U P 2=G IC UP5
EFTA 2=EF’IAS

305 W P I T ! ( 6 ,2C7)
307 F O R M l1(~~~1X ,’”*’//)

W R I T! ( 6,2 1 0 )
310 FCRNAT (1X ,’TRE LEFT SIDE ,!I N I N U N  G E C U P  P A T H  A N D  ITS AN GLE A P E

1.’)
F!’IAE=f!’1A2*D~ G S
W R I T E ( 6 ,32C )PFTID ,G F C U F 2

320 F O B N A T ( 1X ,’ELFVA ’IIC N ANG LE ’,P9.4,2 X ,’!ININUN GROUP P1~’IH=’,F9.4)
WR I T E  (6 ,307)
GO ‘IC 4CC

C WE FOUND THE BiGHT SIDE M iNIM UM VALUE GECUP E A ’I H
350 IF(GFOU!14.G’1.GFCUE2) GO ‘IC 355

GPO U P 2=0 ICUE £4
B El A 2=5 FT 14

355 WR I ’I E ( 6 ,307)
WRIT ! (6,26 0)

360 FORMA T(1X ,’THE NIGHT SIDE ,MININ UP GECUE PATH AND L’IS ANGLE AR!
1. ’)
B !TAC=EETA2*tEG5
W R I T E  (6 ,32 0) E E I I E ,G F C T J P 2
WRITE (€ ,2C7)

• 4CC RETURN
9CC WRIT! (6,910)

.5 910 P O R M A T ( 1 X ,’THF A RGUMENT OP ABCC ! IS GREATER THAN ONE’)
GO ‘IC 4CC

950 IGR’l O
GO TO (ICC
END

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ ___  
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SUBROU T INE PRCFIL
C A RCUTINF TO GEN E RATE A N!~ t E N S I T Y  P R O F I L E

DINEN SICA AZI (5) ,B P MF C D ~~~ 
!,4) , ?R (2 , 3) ,P ( 2 )  ,N E  (5)

C O M M O N  /t F N X / P R  (19 • !2 , 
~
) ,‘ IH E’ IA (ic) ,H C I  ( 52) ,R H I  ( 5) ,FR!S (LI ) ,FL

COMM ON /EG1/ DIR (2) ,tPH (2) , Dfl’I (2)  , LI’Ih ,[IrI ,LIF’I ,THZ C, E H I Z C ,H T Z C
CCNMC N /PG2/ IA ’IPx,IcKNx ,LH ’IN:(
CC NN CN iCCNS’I, EI ,PI’I2,E 1 t 2 ,EE G S ,B A t ,EUP( 3 )
COMMON 1 (12) ,‘T,!’IE,ER CT (12) /WW / ID (10) ~~~~~ (~4CC)
EQUIVALE N CE (EA }THB ,W (19 )) , ( P L O N  ,W (13) ) , (El l’I ,W (15)) , (‘ILON ,W (14))

1 ( T L A T , V (1 6) )  , (A I P H ,W (37€)) • (TCLAT ,W (377)) , (‘IIONG,W (3 78) )
C A Z I M U T H  ¶ C L F B A I ’ C E

A ZTCL=1O . * B A D
C CONVER ’I ‘IF! AN GlES IC RADI A NS

DO (10 I=1 ,LAT NX
43 THETA (I) THETI (I) *PAD

DC 5” I=1,LC NN X
50 EHI t~~) PFI (I)*R?D
C REA D THE MJPLBPF CF AZINU’IH AND ‘ I R E  N U N E E R  CF PCINTS IN EACH
C A Z I M UTH

B E A t ( 5 , 1C C )  N , ( N E ( I ) , T = 1 ,N )
100 POBMAT (SI1O)
C R E A D  T E E  A Z 1 Z W I I - A I  A N G l E S

R !At(5,110) (A7T (i),I=1 ,N )
110 F0FNA T ( e no .O)
C B E A D  BB ,NN ,FC ,A N E  C F C B E A C H  P Z I N U T R

DC 130 J=1 ,N
NP1=NP (J)
R!Ar (5,120) ( (F E P t E C I  (I ,J,K) ,K 1  ,LI) ,I=1 ,NM)

120 FCBNAT(4!1O.O)
13C CCNTINCE
C LOCA T E  T E E  CLCSF ST R ’N G E  TC ‘I RE T R A N S M I T T E R

TEST=RBM!Ct (1,1 ,11)
K 1 1
K2=1
DO 160 I=t ,N
N P 1 N P  (I )
DO 1€! 1 1 1 ,N P 1
I F ( B B N F C L ( I 1 ,I,4) .GE.I!5’l) C-C ‘IC 165
K1=I1
K2= I
‘IEST REMF CD (I1 ,I,4)

165 CONTINUE
160 C O N T I N U E
C GENERAT E THE NEW DENSITY PFC!ILE IN ALL ‘ I H E  SPACE

PB=NBNPCI (K1 ,K , 1)
PN P E M F C E (K 1 ,lc2, 2)
FC= RE MECL (Ni , K2 , 3)
Y M F P t — F  F
DO 110 K 1 ,L C N P X
DC 170 .]1 ,LA’IPX
DO 170 I=i ,LRT1!A
FH (J ,I,K) 0.0
BT=FABTRR +HG’I (I)
FACT= ((RI—RN) *F!/ (TN SRI)) **2
I P ( F A C I . GI . 1 . 0 )  GO IC 170
P H (J,I,K) SQRT (PC**2* (1.0—FACT))

170 CCN’IINU!
C F I N E  ‘I R E  M A X I M U M  R A N G E  A N D  SET IN !  l I M I T

• TFS’I RE!PCD(l ,l ,Le)
DO 145 1 1 ,N

.1•~_ • - •_ 
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N F 1 N P  (1)
DO 140 I 1 1 ,N E 1
IF (R F N F C D  (11,1,4) .LE.IESI) GC IC 1110
‘ l ! S ’ I = B E M F C E  (11,1, (4)

11(0 CON’IINI E
145 C C N T I N C E

RA NG !L TESTs iCC .0
C P R I N T  I N P UT D A T A

PRINT 123C ,N , (NP (I) ,I=1 ,N)
1230 FOBNA ’1(1X,’ N ’ ,i3 ,5(’ NP~~~,I 4 ) )

P R I N T  1 2 3 1 , (AZI (I),I=1 ,N)
1231 FOBNA ’I(11 ,’A ZINETR S=’,3 (F8.2,3 X ) )

DO 1233 ~)i ,N
NP1=NP (J)
P P I E T  1 2 32 ,&Z’I (J)

1232 P O R M A T (1X , ‘AZIN (IE=’ ,F8.2)
P R I N T  122 14, ( (FEMFCD (1,J ,N) ,N 1 ,4) ,1 1 ,N!1)

123 4 F O R N A T (1!,’PP=’,F€.2 ,’ BM= ’ ,!8.2,’ FC= ’,FE .2,’ t=’,E8.2)
1233 C O N T I N U E

P R I N T  1 23 5 , EA Nc-FI,A L E H
1235 P O R N A T (11,’MAX IMUP R A N G ! = ’,F 8 .2 , ’ 11PE ’,E 1 4 . 7 )
C GO THR COC-N THE GRID FCINTE ANt TRY IC IN’IEFI CLA’IF THE GIVEN DATA

CO 1400 N 1 ,L C N N T
TN P=ABS (‘110KG—PHI IN))
tO 380 J=1 ,L1 ’IrJ

C FINI TEE UINUII CF CM! ICINI r(a,K)
AN GTCF=CCE (’ICLA ’1) *CC !(’IHETA (J)) 4SIN (‘ICLAT )*SIN (THETA (3)) *CCS (IKE)
A L P F A = A R C C S  ( A N C -  ‘IC!)
SINPTN=EIE (IMP) $SIN (THETA (J)),SIN(AlIfiA)
COSFTN (COS (TF!’IA (J)) —CCS (‘ICLAT) *CCS (ALEHA))~ (SIN ( ‘ I C L A ’ I ) *

1SIN ( A L P H A ) )
A ZP=ABSIM (SINPTN)
IF (SINP’IN.LT.C.C) CC IC 210
IF (COSPIN.LT.C.C) A7F =P I-A ZP )
GO ‘10 22C

210 IF (CcSPIIi .IT. C.C) 12P=-FI— 12F
220 IF’(TLCNG.C-T.PHI (K)) A ZP=P112—A7P

PA N GEP FA FTHB ’IIEFA
P1=FHI (N) *DEGS
P2 THEIA( 3)*tFCE
P3 1Z1’t!GS
P R I N T  14!C ,R A N G E P ,P3 ,P 2 ,P1

145C FORMAT (1X ,’FANGE= ’ ,f8.2,’ Az IMUTH= ’,FE.2,’ COLAT= ’ ,F8.2,
1’ L0NG ’,F8.2)

C CHECK IF THE AZIMUTH A ZF CF F IS WIIBIN THE LIMITS CF G I V E N
C AZ IMUTES PLUS ‘ICIERANC !

A Z1=AZ T (1) *BA C—A L PH-A 2T CL
AZN A Z ’I ( N )  * B A E — I L P H + A 2 T C L
IF (AZP.G!.A21.AND.A!F.L!.A?N) CC ‘IC 240

C THE AZIMUTH OF P IS CUT CF RANG!
GO ¶10 380

C CHECK I! T H E  B A N G !  IS C U ’ I S I E E  TB!  MAA IN E ? GIVE N RANGE 4 TOLERANCE
c OF 1OC FP
240 IF(FANG EI.GT .FANGFL ) GO IC 380
C L O C A T E  I W C  A Z I M U T H A L  A N G L E S  I C R  I

K K N
CC 260 1 1 ,N
A lT 1 A21 I I )  * P A E — A I P H
I F ( A Z P . G T . A Z T 1 )  £0 ‘X C 260
KK=I -:
GC ‘IC 2 6 !

*

I~~~~
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2 60 CC N TI N IE
2 € !  N K N K K — 1

IF (KK .!C .1) KK K KK + 1
C CCMP ’ !’~~ TH E G E C P A C N F T I C  A ?INU ’IH S

AZ T1 A2T( KK ) *B?t— AI PH
A 212 A 2 ’ I (KKK ) * FAt — PLEH

• C SEAR CE FCR ‘IRE C ICSE SI ‘INC V A L UE S CF CRCUN L RANGES IC GRCt JNE
C S A N C E  CF P

II~ 1I i ~S ’ 1 = R A N C - ! P
1 K K

270 N F 1 NP (I)
• K 1 N E 1

DC 29’~ I1= 1 ,NMI ? ( F E N F C D (I1 ,I,4).L’i .’i!ST) CC ‘IC 290
K1 11
GO 10 295

2 5 C C O N T I N U E
C I N T I R E C I A T E  L I N P A F L Y  F C R  TH E V A L U E S  OF F E , F M , PC
29! K2 1— 1

11(1( 1 .!C.1) K2 K1 + 1
DO 300 P t = 1,3

• SLCPE=( FEMFCD(E1 ,I,P )—RPMF CE(1c2 ,I,M ))/ (EEMFCE (K1 ,I,11)—
1R B M P CD (N 2,1,4))
C~ C 5!=IFMFCD (E1 ,I,M )— 5LC !!*FEMFCU(K 1 ,I,11)
PR (lL ,M ) CBCS S+SLCPP*RANGFP

3CC CC N I I N D E
IL=1L4 1
I 1 <  K K
IF (LL.LF.2) CC TO 27C

C F I N E  T E E  D I F F!R!N C! IN  A Z I M U T H A L  A N G L E S  A N D  C C N P U T F  TIl E V A L U E S CF
C FR , PM , EC A1 ‘IF! PCINT P

ANG 1P A 2’Il—!i?P
A NG2 P=A ZE—AZ ’12
ANG 12 A2 T 1—A? T2
CO 310 r~~1,3

310 P (M)= (ANC 2P*RB (1,P) 4A KG 1E*FF (2 ,M ))/AN G12
C R ( 1 ) C C N T A I N S  FE ,F (2 ) C C N T A I N !  IPt ,R (3) CCNT PINS FC
C COMPUTE ‘EALU!S C? PC AT DIFFERENT HEI GHTS

Y M F  (2)—F (1)
CC 340 L~~1,L H I N I
!H (J,l,M) 0.C
PT= FAR ’1HISHG’I (I)
FACT ( (~~~— R (2)) (1 ),  (YN *B’I ) ) ‘‘2
IF(FACT.GT.1.C) GO IC 3140
FH (J,L,K)=SçBT (B(3)**2*(1.0—FACT))

340 C C N I I N C F
380 CC N ’T I N C E
14CC CONTINUE
C PREPARE ANGLES IN DE GREES PCI FEINTING

• I DO 1120 i~~1,L O N P X
420 PHI (I)=FHI (I)*EIGS

DO 440 1 1 ,I A ’ I M J
440 THETA (I)ZTHFIA 41) *t}GS

R E T U R N
E N D

(

Li 
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SUEFCU ’IIN !L!CT~ ~LE 1
C E L~ 2
C CC UTF S THE F1!C’ESCN tEN !II’i A R E  I’ll D E R I V A T I V E S  A ’ ! A N Y FCIN’t F-I! 3
C (R ,P E I ,TIl ) A L C E G  THE ~A Y IN A ThREE LIMFNS :CNAL ICNCSPHEFE • ElF 14
C E L F  ~

F C E L F  f
C DESCRIPTI CN CF FAFAPE’! !~~S E L F  7
C EL! ~
C ~9IE PA R A M E T E R  CA R D: !CI!~~’I (3I5 ,A E ,€ F1C .2) EL! S
C ICNM X — M AX IM U M = CF LC N c-TTCEE P lA NE S ELF 1”

— M A X I M U M = OP L A T I T U D E  S !C T C F S  E L F  11
C EHT N-X — F A X I M UM CF HEIGH T LA~~!R E  FL! 12
C NA ME — I.E. (CKIY) CF THE DAT k GR ID. EL! 13
C T HZC — LEA ST CCLAIIT (tE SECTOR IN EEC . ~L E  14
C PHIZe — LEA ST LCNGITUC! PLANE IN LEG. (WESIMOSI) ELF 15
C RTZC — LCN! SI EFIGHT LA Y E R  ELF 16
C t L T H  — I N T E R V A L  IN T H E T A  E I B!C I I C N  E L F  1~
C E L E R  — I N T E R V A L  1K E R! D I P E C T I C K  E L! 18
C CIHT — IN T E R V A L  IN F!IGR’I EL! 19
C E L F  20
C PH — G E l !  D A T A  CE P l A S M A  PREC . A E P A N C E E  IN (TH ,HT) PL AN!S.ELF 21
C E L F  22
C SUEFOU’ITN! BE CUI RE C : IKT!F (LL ,KN ,JJ )  E L! 23
C E FE S — OUT PUT RF URN !C FY SL ’PRCUIINF INTER EL ! 214
C E L F  25

CCM NCN /!IAGS/ IFLA C ,IGF’I
C E L F  3 1
C N C T F :  EL! 26
C EL! 27
C W HEN CHANGING ‘IO E I PEPSE N T SIZE GRID CHECK PROPER DIMENSIC KS . EL! 28
C E L F  2 R
C P E C C N  C O 1 P . ,  wAK FF:!lt , ~A5S ., C1ER C KRISHN A VA NGUPI . EL! 30
C EL! 33

CCNMCN /AX, X 5 P Y P B ,F X P T H ,EXrEH ,P!P’I,H N A ~ EL! 35
COMMCN /EFNX , PH (19 , c2 , 5) ,THEIA (1!) ,HGT 4 5 2 )  ,PHI ( 5) ,FRES (44 ) ,HL 2L S’*36
CCMM CN /P G1/ ElF (2) ,tPH (2) ,DH’I (2) •DL’IH,tLPH.EIII T,THZO ,E H I Z O ,H T Z O  EL! 37
COMM CN /rG2/ Ia ’IM X,L C N M X ,LH ’IM X ELE 38
C C N M C N  ~CCNSI/ £I ,PI’12,P 1t 2 ,tEGE ,R A E ,C U M (3) E L E  39
CC M N C N  B~~12) ,‘I,STP ,EPDT (12) /WW / ID (1C) ,~~C ,V (14CC) ELE 140
EQUIVALENCE (‘I F ,! (2)), (FF ,5 (3)) ELE 41
EQU I V A L E N C E  (F ,~ (3)) • (EA F’IHR,~ (19)) EL! 142
DATA IFEAD / C / EL! 43

C EL! 44
C EL! 145
C EL! (46

IF(IREtt— 1 ) 1CC ,3C” ,l C C  EL! 47
110 IFI.AG = C ELF 48

IGRI=O
TREA D = 1 EL! (49

C EL! 50
C I/O TAPE t !SIGNATICNS: IX=INPU’I UNIT , I!=OUTPLJI TAPE UNIT. LIE 51
c EL! 52

ix = EL! 53
I? = E L E  54

C EL! 55
C READ GRID E’A RA PETERS. SIZE AN D INI’IIAL VALUES. EL! 56
C EL ! 57

BFA C ( I X ,120) L C N M X ,LA ’IMX,L H I M X ,N A N E ,P H I Z C ,I R 2 C ,HT ZC ,D L P H ,CL T I!,C L H T E L E  58
120 FCR NA ’I (315 ,A4,6P1O.3) EL! 59

C EL! 60

~ 
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C FYI’! IF LIM ITS E X C E E D .  EL ~ E l
C EL~ ~2

IF (LCKMX — 5) 125 ,125 ,13! ELE ***63
12! IF (LA’IMA —19) 13C ,130 ,13!
1 3’) IF (LH’IMX — 52) 1!1,153 ,13c
135 ~~ITF (I!,1 140) LC NMX ,LA TP’ X ,LH ’INX EL F 6~
1140 PCFMA T (1x ,35E PA R A M E T E R S  CUT S ItE TI E LIM ITS: ,/ EL F ~7

1 1C!,141F MAXIMU M NUM EER CF LCNGI’ IUDE F L A N ~~E ,i! , / ~L F  ‘~~
2 1CX ,41Il ‘AXI M UM N U P F FP C! LA II ’IUCF 5!C’1C~~S = ,15 , / EL F c c
3 1 OY ,41 I M A X I M U M  N U P E E B  C! P~ It-HT lAfl~~S = ,I5 /,‘) CL!

SI CE NV — TI
150 C C N I I N U! E L! 72

C ELF 73
C SET UP UNIFO RM SPHE RIC A L GR It . ELF 74
C ELF 7~

DO 15 1 ~ = 1,IH’INX ELF 7€
15 1 HGT(i) H’IZC 4 PLCAT (J—1 ) * CIHI ELF 71

DC 1 52 L = i ,L A T M X  E LF 7H
152 TH !TA (L) = TEZC 4 FLCA T (L— 1 ) * ELTH ~L! 79

C ELF 80
C B E A D  F F ~~ç. DA TA PLA N ES CF S!Z!= (LATM X 7. Lh ’1MX ) FOR FACE LCNGITfl!~~~’)L! A l
C EL F  82

DC 169 KPH = 1 ,LCNP X ELF 83
PHI (KPH)= PHIZC + W L CAT (KPH ~~1) * CLPH ELF 814

C E L E  A !
R E A E (IX ,160 ) ((F H ( I ,J,!cEH),:=1 ,LA’rNx ) ,J=l ,L H T M X )  F L~ RE

160 FORNA’I(t!E5.2,51) E L F  87
169 CCN ’IINUE - EL ! 88

IP (W(353).GT.C.C) CALL PPCPIL
C
C E L F  8~
C VHITF CU’! DATA PLA NES: (ICNCSPF.ERE c-BIt ~‘CtPL) EL! 90
C E L F  9 1

W R I T E  (IT ,2 02 )  ~L E 92
202 FCFPIA ’I( 1H1 ,L47H PREPA IED FY A RCCN CORP . WAK EF IE LD , MA SS. C1 P€ ’J, ELF 93

(4 3Y , 21HTEL: (€1~ ) 2U5— 314C (4 , ‘ AUG. 1973. ‘/) NC ! 9
W R I I F ( I Y ,2 0 3 ) L C N M X ,L A T N X ,LHTNX ,N A M E ,PHI 2C,T E Z C ,H T ? O ,E L F H ,C L T H ,C L H T E L F  9!

2C3 FCFNA ” (/1X ,L4EE UNIPOEM GRI D FAFA ME ’ IEB S : ,/ EL! 96
11Y ,E H L C N P X  = ,I6 ,4X ,8 H L A T N X  = ,I6 ,41,8H L H T M X  ,IE ,14X ,!HNANE= ,A 5 ,/EL! 97
2 1X ,E H P H I 2O = ,p5.2,1x ,eH’lH?c = ,P9.2,1X ,8ER’rzc = ,F9 .2,/ ELE 98
31Y.,F H E L P F C  = ,F5.2 ,lX ,8 E E L T H  = ,F9. ,1X ,E F E L H T  = ,F 9.2,/ ) ELF 99
WRITE (I!,2 0 2 )  E L F  100
WR I T E  (IY ,2 10)  (T H E T A  ( I )  ,1 1 ,IA ’IMX ) EL F 101

210 FORMAT ( 27, 12 HICNG . MGI. , 20E6.1 ,,‘,‘) E L F  102
UPI’!! (IY ,235) E L E  10 3

C E L F  104
C E L E  10!

DO 24’~ N = 1,LCNN X EL! 106
DO 230 J = 1,LF’INA ELF 107
W R I T E  (fl ,22C) PHI (K ), HGT (3) ,(FH (L,.,K) ,l= 1 ,L A T M X )  EL! 108

220 E C E M A T  (lx, 2E6 .1 , lx , 2CP€ .2) ELF 109
23C CON”TNU! ELF 110

• WPI’IF (IY ,23 5) EL! i l l
235 F O R M A T  (11) E L! 112
2L4C CCN’IINU! EL! 113

C ELF  114
C C O N V E I T  A L L  A N G L E S  IN TC R A D I A N S  EL !  115
C EL!  116

tO 24 ! N = 1,L C N N X  EL ! 117
24! P HI (K ) = P 141 (K)  * R A t  EL!  118

C EL! 119

~~~11 ~
•‘ .

~~
--
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CC 2~~C L = 1 ,LA ’IPX ELE l2~)

250 ¶HE’I A (L) = 1 H ! ’ ! A ( l )  * RAE EL ! 121
C E L F  122

D L P H = I I P H  * R A E  EL ! 12 3
• C L T I ~ tITH * R~ D E L! ~~~

F H IZ C = PI I Z C  * F A D  ~ L 12~
TF I ZC = THZO * BAD EL ! 12f

C EL F 12’
C C A L C U L A T E  P H I ,I U F T A ,R!IGPT EI !FER!NC !S ELF 12H
C E L F 12 5

DTH (l) = ).~ / (tL ’IH*DL ’IIl ) ELF 13C
EPH (l) O.~ , (ELEF*DIP}i ) ELF 131
DIll (1) = !.! / (ILE’I*CLHT ) ~L E  1 32
r”I H (2) —2. C * ETH (1) lIE 13
DPH (2) = — 2.C * C19(1) FL! 13~
tIll (2) —2.~ * tFT(1 ) ~L! 135

C EL! 13~
C A D D E D  F~~F THE HC~~INC FE~~’ItF! CN IY IJC FI I

IF (V (36C) .NF.C.C) FETURN ~IO F I
3CC CCNTIN C F ELF 137

C EL! 138
IlL = P 4 1 ) — !AP’IHF ELF 135

= I * F L! 1L4 2
x = C . ~‘1E 1141
R E F F  = C.C ~.LF 1442
PERTH = C.) EL! l..3
P X P F H  = C .~ EL ! 1144

C EL! 114 5
C FINE THETA !EC’!CB AND INC EA LI ELF 114€
C ELF 1147

LL = IFIX (((TI — TH7C) / DLIII ) • 1.CCC C1 ) ELF 114 8
Ip ((TH.L1.(THzc_1 .F_c6)).cF .(’!9.cI .(’IHr’!A(LA ’!Mx)+l .!_ (f)))Gc’Ic32C FL ! 1149
IF (LI. — 1) 3 C ,3 C ,310 EL ! 150

310 IF (LI — LATMX) 230 , 3 2 5 , 32 0 ELF 151
32C C C N T I N U !  E L F  1~~2

C ELF 153
IL = 11+100 Fl.! 154
CC ‘IC IiCCC EL! ‘55

325 IL = IAIPX — 1 EL! 15f
330 C C M T I N U F E L F  157

C E L F  1 58
C F I N D  F F 1  P L A N E  A N t  I K E!! MN EL! 15 9
c FLE 160

KK = IFIX (((El — TFI7C)/ CIPH) + l .CCCCI) ELF 161
IF( (PH.IT. (PHIZC_1.E_C 6)).CR. (EH .GT .(PHI(LCNMX ).1 .!_38)))GOTC35C ELE 162
IF (KM — 1) 2!C ,3(IC ,3140 EL! 163

3L(0 IF (MN — LCNPX) 36C ,3!5,3!0 ELF 1814
350 CCN ’IINUE ELF 165

c FL! 166
KM = KN 4lC~ EL! 167

-
• GO ‘10 14 CCC EL ! 168

35 5 K M = I C K E X  — 1 E L E  169
360 CCNI INUF EL! 170

C EL! 171
C F I N D  HEI C - l iT LAY !!  A N !  I N t E l !  33 E L F  172
C EL! 173

33 = IPIX (((HI — HT?C) / DLIII) . 1 . C C C C 1 )  E L !  1714
IF (JJ — 1) 380 ,37 C ,370 ELF 175

370 I? (33 - I H T M X )  !1C , 38 C ,38C E L F  176
380 CCN’I INCE EL! 177

C EL ! 178

V 

-- - 

•
~~~

.• .
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= l~Gl (IHTMX ) CL! 179

CO C) 995 EL! 180
C EL! 181
C F R I N T  E F E C ?  P ! ! 5 A G ! S  ! ! FCR F  E X I T .  E L F  182

EL! 183
LeCCC A NG 1 = II tICS EL! 184

A N C 2  = R I  * £ L E  18!
X = 1.3 ELF 186
F EF F = 1.-) ELF 187
FXP’!H = 1 .-’) ELF 188
H?tA~~~I-.CT(LHIM l!) ELE**189
R ( 1 ) = ’ P F ’ I H R + H M A )  !L!~~~19C
I P I A G  1 EL!  191
IGF’I 1
W R I T E  (IY ,4~ L4Li ) AN G1 ,A N G 2 ,LI,NK ,IFLA G EL! 192

(4 4 (4 14 F C R M A T  (~~~1X ,36HANG1!5 Ct’!~ I t E  P A N G! CF IC N C S PH ! R E  / 1 6X , EL! 193
1EHT PPTA= ,F7 .l ,3X ,L4H!lII= , F7.1, / 1!, EL! 191s
2 1 S I I N C I C I S A~~E ,6H LI = ,I7 ,3X ,14H KK ,17,€ H I F L A G , 15) E L F  195

C E L F  196
GC ‘IC c c c  PIE 19’

C E L F  196
SIC CCN ’IINUE EL! 199

c EL! 230
C INT ERE C LATE ECE E (’IH,BL ,F h )  U S I N G T E E  I N D I C E S  LL ,NK , JJ E L F  201
0 EL! 202

CALL IN’I !R(IL ,M M ,JJ) E L F  203
C EL! 204
C C C M I UTF X ~BCM 1 (PLASM A PF!C/P) *42, EL. EE14. 12400 (X) ELF 205
C FL! 206

X = ER!S(1) / F}FCS EL! 207
PIER = FRES(2) / FFFçS ELF 208
FIFTH = EF!S (3) / ~~ E QS E lF  209
RIPEn = FB~~S(L4) / FFFCS EL! 210

C ELF 21 1
IFIAG = C EL! 212

C E LF 213
999 B E T U R N  EL ! 21 4

E N D  EL! 215

~ 
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APPENDIX 2

This appendix contains expressions for the partial deriva-

tives of the groun d range (
~~~~ ) and the group path ( P ’)  with respect

to the elevation angle of transmission ( 8)  and the quasi-parabolic

layer parame ters 
~~c’ r

m l rb ) l  required in the inversion of point-

to-p~~~r.. oblique ionograms and backscatter leading edges:

I r sin B
o— •  2r —

0 
~ 

rb sin y

Fr 2
cos B 14J~~F r  sin 8 cot y ‘4

+ I 0 + F r sin 2B (— + c

L w 
0

1 2Ur
+ tan B e n (— - ~

- (A.l)
V -

~~~~~ 

F
2

~~~~~::5

0 

[2 F r o
2 cos2 8 (~~+ G )  

—

+f~n(~~) _ 4 / r b s i nY ]  (A. 2)

~~ 

F r 0
:c;:B 

[Brb rm
C _ 2 B Y

~~(~~
_
~~~)+ ~~~(Br ~~

+ C)] (A.3)

V

I :-~

- 

- 

~~~~~~~~~~~~~~~~~~~~~~ 
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2r 2 ~~~ B

2r
b ~~~~~~~~

Yr 2 B r4 ~ F cosec y 4B
+ —

o m

I~ rb ym L U

— 
23y~ 

(r~ + — Br2 G — 2y 
] 

(A.4)

In Eqs. (A.1) — (A.4) ,

V — 2 /~ 
Frb sin y + 2 C + Brb

G -~~~ 
+

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
F2 rb :inv

BF I i (  3F2 ’  U

f A~~
’Z 2  ~~~~~~~~~~~

C

4F
2
(C-Ar ~~c0s

2
~5) 4F2 r

b] (A.5)

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ______ -
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~~F r  s in-
BF ~~~~ B~ b

= 3/Z L\~~~
+
v /
_

~f~ ,
xn r y Am m

Z(A r r +C) Z rr n b  
+ v

b
)

1 U B2 B
+(r + r

b)(j ~~i÷~~~v)] (A.6 )

cosec~~

F r  sln y 3 U
- 

rby
rn

A 
[ (z + — + (r + in —

~~~

• ZB (A r 2 + B r + C) 
- 

2
~
’m 

(Arb + B) 
(A.7)+ 

~~U V

I

• 
-
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APPENDIX 3

The computer program for the inversion of backscatter iono-

grams by uti l izing the quasi-parabolic model is listed in the

subsequent pages. In addition , this appendix contains a complete

set of flow charts (wi th the exception of subroutine FMFP , which

was written from the standard IBM sc ient i f ic  subroutine package) ,

and a description of the input/output formats .

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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RAG E 001 
212

NAME ~lA I l~
EOuIF.OARDRE ,PRINTE,CARDPU,
D!wEKST0~ F(2~ ),RBC (20) ,RMr’(20).~~CC(20 I ,

i~A P~1GEC (2fl I . C P A T H C ( P 0 ) ,
lrC 5.2 ) ,RP (5,2T),RM (5,20),RANGE(5.20).GPATM (5,2C),P

~,(5).AZ(10)
DIME I¼ S TON FP4ID (20)

202 CON TINI IE
RE AD 1 ,TLAT .TLONG .FCS .H0,VM ,NA7,IND

10 F O P M A T ( 5 F 1 0 . 2 ,  !1.9x, 11)
40 ~ 0 P M A T c 1 ~~X . 6F 1 0 .2 )

Ro.637
RBS~~~0,HC
RMc~~~Bs.YM!.1

25 FO PMA T tI 2 )
50 READ 2 ,AZ (I),NUMTOT ,NpT5
20 FO~ t4AT (F10.2 .l2,MXT2)

CALL BA C KS3 (NUMT0T .NPTS,RB~ ,RMS,~~CS.RBC , RMC,FCC,FM !D,RANGEC,
1GPIfl ’C, NC. 1)

30 FORMAT 5FIO .2)
PRINT 35. (FCC (j),RRC(J).RMC(J),RAWGEC (J).GPATkC (J),J ~ 1,NC)

35 ropMAri5x,5 F1~~.4)
N( I )‘Nr
DO 60 Jz1,NC
FC (I,J)zFCC (J)
R8 (I,J) 88C (J)
RM ( I,J)*RMC (J)
R A P4 G E (  ~, 3 ) s R A N G E C ( J )

60 G P A T ( . ( I , 3 ) a G P A T H C ( J )
l U T ~~1
IF  ( I — P ~A Z )  7 0 , 7~~,8O

70 FC~~.FCc!~(1)
PB~ aR8r(1)
RP4cuPMr (1)
GO TC s”

~0 IF tI I~D 180,85,180
b5 READ I ,FW,A7M,GPII

TF(FW )P~ 1.202,7O3
203 CONTIN (JE

CA l P . (A 3 7 O . .637~~.,64 7 Q. *64 7O .G P P4* G P M/4 , )~~(2 , *637O. *64 7f l . )
D E q T u A r O SF ( C A L P ) . 6 3 7 0 . .2,
•RINT 4 ,Fw,AZM,GPIi ,DEST
I F( NA Z . l ) 204 .204 .205

20 5 C O N T I N u E
00 100 K . j , N A Z
IF ( A Z M — A Z ( K ) )  110,110,100

100 C O N T I N u E
110 F A C T O R . ( A Z I I — A Z ( K — 1 ) ) , ( A Z ( K , — A Z ( M . 1 ) )

(K
V N2 .N (M— 1)

112 00 120 J.j,Nj
IF ( tE ~ 1 . R A N G E ( K . J ) )  130.130,120

120 C O N T I N u E
130 F A C T U ( f l E S 1 — R A N G E ( K ,J —1 ) )/ (~~ANG ECK . J ) . R At 1 G E( K ,J . 1 ) )

FC1* FC eK ,J —1 )+FACT .( FCO ( ,J , .FC(K.J .1))
RB1.RB .K . J —1 +FACT .  ( RB ( K , J I.RB (K .J•1) I
RMI.814fK,J—i)+FACT .(RM (K.JI.RM (K,J.1))
P R I N T  4 ’ ,F C i . R B l , R M t
D O 140 ,Ji1, N2



~‘AG E 002 • 1

IF ( t E ~ T — R A N G E ( K — 1 , J ) )  150.150.140
140 CO NTI N U E
150 F A C T u ( f l E S T — R A N G E ( K . I . J — 1 )  ) , ( R A N G B ( K . 1 . J ) ~~R A N G E ( K — i , . . I . 1) )

FC~ .FCO( .1, J — 1 ) + F A C T . ( F C ( K ~ t . J ) — F C ( K — 1 , 1 i ) )
R9~ uP B f K — j . J — 1 ) + F A C T . ( P I I ( K —~~, J ) - R B ( K — j . J i ) )
RM ~~$ RMf K— i. J —1 ) +FAC1 . C Q M(  K—I. J) —RM ( K — i .  J 1 )  I
PRINT 4 - . ,FC2 .RB2,RN2
F CI .~ C 2 + F A C T O R . (  FC ! — I C ? )
R B I z ~ B , + F A C T 0 R . ( R 8 1 — R 8 2 )
RN I . R M P . F A C T O R . (  RMI—RM2)

2O~ C O N T I N u E
P R I N T  4 , F C I . R R I , R M I
DTf ~L’1.
GPTOLa .1
CALL. DCAL (FCI ,R81.R M I .FWIGPM ,D,GPTOL)
PRINT 4’),FW,AZN,GPM ,DEST,D
IF  ( A B ~ F C D — D E c T ) — D T o L ) 170.170.160

160 D E G T ’D
!F (NAZ— 1 1204.204 ,112

170 PR IN T 4’~.Fw ,AZM ,GPM,D
GO T O P ’

IeO COP’JTINI’E
READ 2 -‘. KG O

200 F O R M A T C I 1 O )
IF K G O ,2 0 1 ,2 0 2 .2 0 1

201 CALL E~~!T
204 N1.N (NAZ )

00 206 .Jsj,N 1
IF D E S T — R A N G E C I . J ) ) 2 0 7 , 2 0 7 . 2 0 6

206 CONTIN u E
207 FA CT . (TiES T—RAN GE (1.J—i ) )/ (DANGE( 1, J~I.R A~gGE (i,,J .i))

F C T *F C e 1 , J — 1) + F A C T . ( F C ( 1 .J , — F C ( 1, J .j ) )
PBIRRBI1,J—1) +FACT*CPBC1.JI..R8 (1.J.11))
RM !z R M f j , J — i ) + F A C T . ( P M ( i ,J ~u .p M(j , J — j ) )
GO TC 2’~PEN!~

I ~~~-.- _ ~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ --
~~~~~ 

—- 
_ _ _ _ _



‘AOl 001 
214

N A iu E A ?
~O n I Q . C A R D R E , P R l N T E , C A R D P U s
PUPJCT!(,N F o G x ( A R O )

C.....3U~ R F~ GX C(4E CK S TrI M A K E SuRe WE A R E NOT T A K I N G  T WE N A T U R A L  LOG 0~’ A

~....M!G N U M B E R . .. IF WE ARE IT  FLAGS ‘rul E E R R O W  BY SETTING FOGX ~ 9999.
C**..*TIC F I N V A L I D  A R G U M E N T  IS P R I N T E D  Ou T W t T e 4  AN ERR OR M SG .

Ir (A RGI1T .20.20
10 CONT INUE

PR INT 15.AR G
15 PO ,MA T (29H LOOF EN TERED w IiH NE G A R O u , E13.7)

PO~~X i9~ 99 .
GO TO ~o20 POGX’LD GF (AR G )

30 R E T U R N
EN D

I

\
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NA ,~E AX
EOuIP a eA R D RE .PRINTE .CA RD PU I
S U S R O U T  I N E  F S T n F S ( r W . ~~C , w B . Y w . D G R T . G P , D G P D ~~C , D G P D R M , D G P D R B . R A N G E a

% 9 D C 0 )
C*I***TWTS Si’BR COMPUTES T H E M I N  T I M E  D E L A Y  T R A C E ( M I N  G R O U P  P A T H  VS F R E D )  OF A
~‘.. EA , TI~—~~0 N C E N T R I C  0.P IO ~~0 S P H E R E  LA ~ E~ A S WE LL AS THE D E R I V A T I V E S  OF THE
‘~.*..*TWp GR~’UP PATH WRT R9,Rfr~ 4~j~ IC . IT IS A HOPEFULLY MORE RA P ID VERSION OF
.....SUPR D!FFS. WHICH Ol D NOT “SE NEWTONS METHOD TO FIND THE ELEVATI ON AN GLE B

wWI CH MIN IMI ZC S ywE GoOijp pAyW FUNCTION

~.....CALL !Nf4 SEOUENCE

~~..... F~~.(I PdPUT ) FRED OF TRAN ~ M !SS!ON (MHZ)
~~~~~~ FC .IINPI JT ) CRITICAL FPE~,UENCY OF ~..P LA YER (IN MHZ)
‘~••••• HB~~(1NP (JT) RASE WEIGHT ~F 0 P  LAYE R (IN KM )
~ •i~~.e Y s  (INPUT) SE MYTW ICKNE SS OF ~~~ LA YER (K M)
.....DGsT u (YNPUT ) TOLERANCE OF ~RUUP RA T I4 WR Y ELEVAT ION ANG LE • BETA USED IN

‘~...*Y~ P~D!NG MINIMUM GROUP PATH IN KP4IRAD
‘•••• G P ’ ( O U T P U T )  M IN GROu P PATH (KM)

r .. ... DGP!~FC .COUT PUT) DERIV OF M IN GROUP PATH WR T IC
••... DGP T~R M u C O U T P U T )  D E R !V  M YN GROUP PATH WRT PM

C..... D G P O R B . C O U T P U T )  D E R ! V  M Y N  GROUP PATH WR T RB
C..... RAN~ E.(OUTPuT) GROUND RANGE o~ 

R A C K S C A T T E P  PT OF M I N  GROUP R A Y

RO ,637 r .
O02~ R0.R0
R9.R0+wB

B. RB
RN. RB +VM
RM2.R (aR M
Y M~ .rM.Y M
F•r~~~F~
F2 .FIF
RgYM2 .,B2/Y M~
A.f2.1 .+RBYM2
S O A . S O P O 0 ( A I

S0A ~~9999. ) 50 950. 50
*1 4* ** *••.* *.a• *4**

Q5 0 N E R P T . i

GO TC S l O
50 CO’~iT !N t ’E

• .N M .R B Y M 2
C’....NOw SET SOME CONSTANTS UP rOR F U R T H E R  US E TN THE ITERATION LOOP
C**..*yH!SE ~ON ST S H A V E  N O S I G N I F I C A N C E  I N  T H E 1914 P A P E R  BY N N R

C0P4112.*A*RB48
C0w2.2. .RB.F.SOA
52.9.9
F2A sF2~ A
C0w3U2 .*R0.(1.— F2A )
COPi4UCP~ F2 A )~~2. *R 0
COpuS’4. .p.F2.F.R02,9OI,
C 0N6 .RI , ,R B
C ON7 ’6. •*~ F2 *R 02

C*....B!?PEN IS THE PENETRAT ION FLEVATL ON ANG LE (BETA MUST BE BETWEEN 0
C.....AND BEYPEN )

S0 ,00X .SOROO (RM2 .RRYM 2—9 2fl4 .A))
IF (SCRu’IOW .9999. )75.960,75

-

~~ 

________
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PAGE 0 02 216

960 N!PPT.2

GO TC~~~ )0
75 COu jTINuu E

BEr PEN. ((t,~~(r.R0)).SOROOX)
BETPEN $ ACOSCK (BETDEN
!F BETPEN .9999. )90.970.90

!***.*4~~a ** * . a* * * * * * * * * * * *4* *
070 NERPT.X
! ~ a ~ a*•Sa*I*** * .4.... ...*..*.

GO TC 9)3
90 CONTIN UE
C.....INTTIAI TEE BETA, THE ELEVA+ ION ANGLE ØF THE GROUP RAY PUT THE INITI A L GUFq

~~~..~ RIOHT YN THE MTDDLF OF THE RANG E OF P O S S I B L E  d E T A  VA LUCS .
BET AUBI TPEN .5

C. .*..ITERATE HERE FOR NEW VALU ER OF 991* (AY STATEMENT 100~ WH ICH M IN IMIZE
C,...ATWP GR OUP PATH AT A GIVEN fIPERAT !NG FREQ Fw (USING ‘4EWTONS METHOD)

N Y R Y S 1 r O
I TE RC TaO

100 S ! N 9 E T . S I N C B E T A
!T~~RCT .IT ER CT.1 .

C.....IF WE w A V E  T R I E D  TO FIND BETA SUCH THAT GP IS  M I N I M I Z E D  TO W I T H I N
C~~ .•’DG~ T O~ ZERO 100 TIMES LETR GIVE u~I r ( I T E R C ’ ? N T R Y ) 1 3 O ; l S O . 1 4 0
140 PRINT 145.DGPT.NTRY
1 45 FO~ MA T t/l,48H FSTOTF ROUT TIJE CANNOT MIN !M I2E DGPDB TO W ITH IN .

$I3 ,3.lnH KM AFTER .!3.6N TRIES ,/~~)
P R I N T  147 .B E T A . D GP D B

147 FO ,MA T (SH BE7A ~ ,r5 2,9w DO POB $ .110,5)
RETU RN

150 C O N T I N U E
COSBET .COS (BETA )
C0 q 9E2 .COS B ET *CO SBF T
C.RBYM~•RM2’F2*R02.CØSBE2C O R G A $ .R O . C O S B E T / R q
GA MM A ‘A C ~S CK C C ~S G A M I
IF  ( G A M M * ’9999. 1165 1 971, 165

971 Pd!IPT$4

P R I N T  ~ 72 ,R E T A .B E T D E N , I T E R r ! T
972 r~~ M A T f8w RE TA ‘ .pt2.5,5X 1O~ 59T~ 5N • ,E 12.5.3X.10,4 ITERC T • .14)

5)
GO IC •—) J

165 CONTINUE
S ING A MsS IN F (GAM M A )
CO TGAM.C O SGA N/ S INGAM
V .CONI.CON2.SINGAM
V2 ’V’V
u.52-4 .•A’C
U2.U*U
rj , ( C ON 3 .C ON 4 / V )
Q2.2..R~l .CON ,.SINBPT#U
DGIDB.Pj.S!NBET.COTG*P4.02.COSOET

C.....RRAN CH OUT OF NEWT ON ITERATION LOO P M ERE W HEN BE TA IS FOUND WHIC H
~~~~~~~~~~~~~~~~~ D GPD B TO w I M I N  T~ L FR A N GE OGPT (IN KMIR AD I

350 CON T INU E
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S0000YsSOROO (1 .— (CON 6.COSBFT ••2
!F SCRu”uOY .9999. )375,973,375

•*I.*.** .*a I. s••*..*4*.*•*.•
973 P4~ PP Tu 5

PRINT •72.BETI .BE’TPEN .ITERrT

~O TO 900
~75 CO ’~T INuiE

OGAMCB.SINBET*COPu6/SOROOY
DCOTCBu— DGAM DB/ (SINGAM. S !NIAM )
flvflBsCu’uN2 .COSGAM.DGAMDB
DF IDBS.(CON4/V2).DVDB
DUDB .—CQN7aCOSBET .R!NBET
DF~ DBa .CON~ .(COSBET/ U~~( S!NPET/U2 ).DUDB)
DG.D82.DFIDB.S!NBET.COTGAM.Fj. (COSBET.COTG AM.S !NBET.DCOTDB)
S.Op’2CB.COSBET .02 .S I NB E T

B E , A . B P T * . D G P D R / D G P D B 2
C**..01F B E T A  W A ~ B E E N  I N C P E M E N T P D  TO A M EG VA LU E BY NEWTON S METHOD WE BETTER SE

~~ .. .9BE T TER SET B E T A  BA CK TO A ITTLE ABOV E 0 OR WE M IGHT HAV E TROUBLES LATER O
TF(BET A )400,410,500

100 B E T A ’ .’ -J Oi
500 IF BETPEN—BETA )600 .600,700

V 
A DO BE?A I8PTPEN— .000i
C....,CHICK ~O ENSuRE NEwTONS MEtHOD IS NOT CAUS ING US TO OVERSTEP THE
C40..RPEIJE TRATIDN ELEV4TION ANGL~ R O U N G A R Y ,  i SO SET BETA BACK TO LITTLE BELOW

V (
~.4..0 ~ ETPEN
700 GO TO 130

~ 00 COu ~T I N u i E
C***I4AT STAtEMENT 800 THE EL EVAf ION ANGLE $EyA C O R R E S P O N D I N G  TO TH E M I N I M U M  GPO
C*’..0QR u~UP pAT H HAS BEEN COMPUTED BY S O L V I N G  FOP T H E  V A L U E  OF B E T A  WH ICH FORCES

~•‘.~ SDQ’D8 rO 0. NOW WE CAN COMPUTE THE M IN IMUM GROUP PATH GPM
UV~~L C G .F O G X (  U / V 2 )
Ir( UV2, OG— 9999. ) • 974, $5n

• C•a..aa•a.a **.a4****~~*•***a*
974 NER P TUA
4*•*... * ~~* * •* •.•. . *. I.. *

GO TC 0)0
P50 CONTIN UE

BFA 32 aP* / (A .SOA )
Q P M . C O N 3 # C O N A . S I N G A M — 2 . . P O . S TN B E

5.( 5F*3,* ,5)  *U V 2 LO Q
GP.GPM
DP?~FC 1.2 . *C O N 3 / R 0 2.~~9 •(F 2 .A  i / C  A ’V )
0PflFC2.F2*R8aStNGAM~~(Ii~ FC)
DPDFC3.BFA32/FC
D P O F C 4 .  .,.(1. .3.*F,A ) .U V 2 I  O G — 4 .. F2 . ( C . * .R 0 2 .C O S R E2 ) / U

& $.4 .*F 2 .R 9 / V
DO , DF C. OP DId 4 OP DP~C2. DP DF CX . DO DFC 4D P f l R N 2 . . 7 5 / A . U V 2 L O G . 2 , . (A .~~M .R B , G ) / t J . 2 , .R B / V
DPDR MI.8FA32 /(RM .YM )
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DGSDRM,00DRM1 .DPDRM3
DP~ RB1 s (CON3+CONA/V ) / ( R0 .S  YN QA M )
D P D R P 2 . — R F A 3 2 / ( R R * Y M ) I (  (2 . . 9 /V  ) . 1 .R 9 * S I W G A M / S Q A . ( R M . . 7 5 *B / *) . U V 2 L O

10 .2. .P • (A • R M 2 .9 ~~R M e C )  /U ’2 .  ‘YM ( A.RB.S) /V )
D Q D D R B .D P D R B 1 .D P D R R 2
SOo s SQ *OO (C)

L:- - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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l F SCC~~9999 .  1875.975.875
C~~ 44.4..* **a*I**.S****4***•I

975 NEOPT’Y
‘•*••• ~~**** a.***.a**•***4•••

GO TO oco
-~75 CO~ T I N uu E

RI .? .  *qQC ’RB .F .SI ~~QA M .2 . .C.9.RB
R 1~~,Rt.Ri
W.FOGX (U*R92/R12)
P3. .S.1.QQ.COSRET.W/SQC
R A N G E . 2 , *R 0 . ( G A M M A . . 9 E T A ~~R 3~
BDEG’BFTA*57.2985
RETU RN

900 rC. A B R F C F C )
PR INT 980,NERPT

980 1ORMA T 1~~,10O (iH.).,.3nM FRTDFS IRROP AT POINT NUMBER .I?.~ ,Ix.
S100(1H.) I

~R~ NT 085,FW.FC,u49,YM.DGPT
985 1O P M A T I 1 X . 5E 15 .7 )

RET UP N
END

~~iI~ ~~~~~~~ 
~~~~~~~~~~~~~~~~~~ 
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‘AG E 001 219

H NA wE A4
14 E O U I P . C A R D R E .P R I N T E , C A R D P U ,

SUPRCUTINE FUNcTCN ;A pa.vAL ;GPA D,
DIMEN SION ARG (3 ,GPAD(3) ,FRSMES(S0 ),P9SP4€S (30 ),GPC(5O ).DGPC(50,3)
DI M E N SIO N RAN (50 ),STA (50)
COu ’MCN FA SME S,PBSME S.DT .NP T S ,RAN ,B TA.G PCM ID

~“.~ •SU RR OUT INE FUNCT Tu~ BE USED BY BA CK~ 3 BA CK SCATTE R IONO GRAM INVERS ION
C. . . O R O u T I N P .  IT  E V A L U A T E S  T H E RUM SOUA R ED ERRO R AND ITS GRAD IEN T AS A
C..... FUNCTIf~N OF 0— P LAYER PARAMETERS RB , RN , IC .

.‘**..*CALLING SECUENCE.. ....
C.* •lI P%PuI T ) CONTROL PA RA METE R
C*•~~.• IF Ns 3 FUNCTION NOR MALL ’ . R E T U R N  V A L U E  OF E R R O R  F U N C T I O N  AND ITS
C....• GRA OI E N T
r’aa ...ApG .cIwpuT) 3 E L E M E N T  A R R A y  OF LAYER PA RA ME TERS
C..... ARG~ 1).RBC..•.a A PG(2).PM
C..... AI~G 3 ) sFC
C*’•*•VAL— (OIITPUT )VALUF oF ERROR FUNCTLON ! Ce,RRESPOND!NG TO CURRENT VAL UE OF
C~ *•*0 A~ G
C.....QRAD.(OUTPIIT) 3 EL~ MENT AR oA Y W ITH
C.. •., GRAO (j).DE/DRB
C~ *~ *’ GRAO (2)’DE/DRM
C. .... GRAD (3) .DE /DF C

~~~~~~~~~~ CF I N P U T  SEQUEPuCE..*... . . .
C

FC uA R G( 3 )
IIB.A PG II)— 6370 .
YM.ARG 2I .ARG (1)

C.... &lF~ E N.3 AND WE WILL EVALUAT E E AND GRA D OF E
C.....F!,$T YN IT IA L ITE VALUES ~Op SUBSEQUENT SUMMING OPERA TION
40 SUMF ’O

SUNDRB.3
3UM DRM .~
SUM DF C. J
IiMTD•NPTS/2+1.
DO 50 ?si,NPTS

C.....C$pDFS CALLED TO EVALUAT E M i u d  GpQuP PATH AND ITS DERIV S WRT R9,RN ,FC AS A
C.*...P U N C T I O N  OF F B S M E S C I ) , THE ITH TRANSMISSION FRE Q

FBRM ’F ,SMES (I)
IT~ Y .O
CALL F,TDFS (FBSM,FC.H9,YM ,ny.GPCCI ),DQPC (I.t),DGPC ( 1,2).

$DQpC ( !.3),RA .BT)
RA uj(I ).RA
STA (!).BT

C.....CATCN A N D  STORE THE F I N A L  V A L U E  OF THE GROUP PATH CORRESPONDING TO THE MID
C*. . . .BACK SCATTEP L E A D I N G  EDGE P O I N T

* I F ( I Nu ID ) 4 6 , 4 7 , A6
47 000MID .GPC (I)
46 CO w T IN u E
C NUMERI CAL ERROR FLAGGED IF 10 NEGA T IVE • IF SO ABORT JOB BY MAKING N
C NE GATIVE AND RETURNING TO M A I N L IN E  V I A  SUBR INFO

1Ff IC 1 42 , 45 .45
42 Nu .3

ARG (1).AISV
ARG (2).A25v
A RG (3) IA3 SV

-, - — -.~~~ - - - , - - -
.
~~ -
‘ ~~~~ - .5 -n - - 
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V AL . .~ AL S V
tIISV5GRAD(1)
G2SV .GRAOC2 )
035 V uGR A D (3)
RE TURN

45 CO N TIN u E
ER ~~’GPC ( I ) — P R S H E S (  I )
E R S Q . E R R . E R R
SU MF .Stu M F .ERSQ
SUMDPB.SUMDRB,ERR .DG PC( 1.3,
SUMDRM.SUMDRM4ERR DGPC ( 1 .21

SO SUMDFC .SUMDFC+ERP .060C (1.1I
C.....MOYE SUM F NOW CONTA INS SUM SQUARED ERROR

~.*...Op AD C O N TAIN S THE GRADIEN T OF THS SU M S Q U A R E D  E R R O R
VA L ’SUM F
GR&D (i, 2..SUMDRB
GRAD (2, ‘2 • .SUMDRpi
O R A D ( 3 , , 2 . .SUM D FC

C
C.... .
C•~ •~~ NOTE THAT AT THIS POINT It MEAY 9E DESIRAB LE TO INSERT PRINT OUT STATEME N
r~..... To OLIPUT ARQ. VAL .GRAD .RA~ GE.AND BDEG TO OBSERVE CONVERG E NCE OF THE ERROR
C... *1UNCTION TO A MINIMUM AS IMFO DOES ITS STUFF..,..
C.....ALRO Pu NTING OUT RANGE AN D BDEG GIVES US SOME INDICATION ~F W H E R E  W E A R E
C.... .SAMP L I N G  THE I O N O S P H E R E  I N  THE CASE OF H O R I Z O N T A L  G R A D I E W T c
C *4...
C

A V u AuG C 1)
*25 V ’ A u G (2 1
A3SV .ARG (3)
V AL S V S v AL
GISV u GR A D (I)
G2RVaGRAD (2)
G3 q V S GR AD (3)

200 RETURN
END

t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~~~~~~~~ _~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _
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‘AGE 001 
221

H NAM E A R
EOUIP. cARDRE. ORIN TE .CAR DP U , .5
S U O R C U T I N E  F N F P ( N y , F ,G , E S, . EP S . L I M I T , I E R ,H )

C I N FO 20
C DIM E NS IO NED DUM M Y V A R IA R L E S  F M F P  30

D IME N SION H (1).X (It,Q(1) FM FP 40
C INIp 50
C CCM PUTE FUNCTION V A L U E  AND GRADIENT V E CTO R F OR I N I T I A L  A R G U M E N T 1 M F P  60

CAL L F ( u N C T ( N , X . F , G )  1MFP 70
IF C N ) S A , 1 0 0 , 1 0 0

100 CONTINUE
C IN F O  50
C RESET ITERATION COUNTER AND GENERATE IDENTITY MA TR IX F M FP 90

lEu sO FM Fp m o
C O u N T .  F M F P  110

FM F P 120
N3.N2+Pi FM FP 130
M3j.N3.1. FMFP 140

1 KSN 3 1 INFO 150
DO 4 J.1.N FMFP 16 0

FMFP 170
NJ sN .J FM FP 180
IF (NJ)R,5.2 FNFP 190

2 Do 3 Lu 1,N J  F M FP 2 00
F MF P 210

3 ‘l ( KL ) ’  • INF O 220
4 K.w L 4 l  IM IP 230

C F MFP 240
C STAuT ITERATION LOOP INFO 250

S KOIJNT$WOLJNT .1 FMFP 260
C FMFP 270
C SAV E FUNCTION VAL UE, AR GUMENT V E C T O R  A N D  G R A D I E N T  V E C T O R  F M F P  250

OLOF’F INFO 2~ O
00 9 J’l,N INFO 300

4(w).G (J) INF O 320
IN F O 330

‘4(K )U X IJ ) FN FP 340
C IN FO 350
C DETERM INE DIRECT ION VEC TOR H INFO 360

FMFO 3?0
Tun. F MI P 380
DO B L.1aN IN FO 390
T .T—G (L)*H(K ) FNFP 400
Ir(L J,6,7,7 FMFP 410

6 MIK.N.1 INFO 420
G O TO S INF O 430

7 K.w.i FMF P 440
S C O N T I N U E  I N F O  450

-

.5 9 ‘4(.j)’T FMFP 460
C INFO 470

.5 C CHECK WHETHER F u J N C T I O N  w I L l .  D ICREAS E STEPPING A LONG 4, F M FP 450
DY uO . INFO 490
HNRM’O . INFO 500
QNuM .O . F MFP 510

C I N FO 520
C CALCULA TE DIRECT IONA L DERIVAT IVE AND T E S Y V A L U I S  FOR D I R E C T I O N  FM FP 530
C VECTOR 14 AND GRADIENT VICTOR G. INFO 540

~~~~~~~~~~~~~~ ~~~~~~~~~ . 1
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00 10 J’l,N IMIP 550
I 4 N p M u H P a R N + A B S F ( H ( J ) )  I N F O  560
GNRNUGNRN .A B SF (G (J )) F MF P 570

to DY.DV.w (J).G (J) INFO 560
C INFO 590

REPEAT SEARCH IN DIRECT ION OF STEEPEST DESCENT I F  DIRECTIONAL FNFP 600
V 

C DERIVATIVE APPEARS TO 51 POSITIVE o~ ZE R O .  F MFP 610
IFIDY)11 ,51 ,51 INF O 6 0

C INFO 630
C R E P E A T  SEARCH 1w D I R E C T I O N  OF STEEPEST DESCENT IF DIRECTION FNFP 640

VECTOR H IS S M A t L C O M P A R E D  T O G R A D I E N T  V E C T O R  G • FM FP 650
II I I 1 H N R M / G N R M . E O S ) 5 1 . 51,12 F N F P  660

I N F O  670
C SEAuCH MINIMUM ALONG DIRECTION H FNFP 680
C INFO 690
C SEARCH ALONG H FOR POSITIVE DLRECTIONAL DERIVATI VE IMFP 700

12 F Y.F F M F P  710
AL ,A .2..(E5T~ F)/DY FM FP 720
AN RDA .1 . FM F p 730

C INFO 740
V C USE ESTIMATE FOR STEPSI7E ONLY IF 1 T IS POSIT IVE AND LESS THAN F NF P 750

C 1. OTHERWISE TAKE 1. AS STEPSIZE FMFP 760
!FIALFA )j5,15,j3 IMFP 770

13 I F A L F A — A M B D A ) 1 4 ,I ,5,15 F M F O  780
14 AM SD A ’A L FA FNF P 790
15 A L I A ’ O .  F MF P 800

C INIP 810
C SAVE F U N C T I O N  AND D E R I V A T I V E  V A L U E S  FOR OLD ARGUMENT FMFP 820

16 r X . F Y  F M F P  630
DX .DY FMFP 840

C F M F P  850
C STE u A R G U M E N T  ALONG H F M F P  860

DO 17 !$1 .N F M F P  870
17 X t ? ) u X 1 I ) . A M B D A . H C 7 )  F M F P  880

C I NFO 690
C C O M P U T E  F U N C T I O N  V A L U E  A N D  G R A D I E N T  FOR NE W A R G U M E N T  I NFO 900

CALL Fi,NCTCN,X .F,G INFO 910
Fy. F F M F P  920
III N ) 5A ,101, 101

101 CONTINUE
C F MF P 930
C COMPUTE DIRECTIONAL DER iVATIVE Dy FOR NEW ARGUMENT , TERMINATE INFO 940
C SEARCH . II DY Iq POSITIvE IF DY IS ZERO THE M I N I M U M  13 FO U ND F MF P 950

OY .0. INFO 960
DO 16 I . 1 , N  F M F P  970

jB Dy uDy +5 (I)*14 (I) INF O 980
IF (DY)19.36.22 FM FP 990

C F M I O i 0 0 0
c TERM INA TE SEAR CH ALSO TI T~~E F U N C T I O N  V A L U E  I N D I C A T E S  THAT FMIO1010
C A M I N I M U M  HAS BEEN 045510

19 1r (FY—FX )20.22 .22 F NFPI.030
C 1M F P 1 O 4 O
C REPEAT SEARCH AND DOUBLC STEPSIZE FOR FURTHER SEARCHES FMFP1OSO

20 A M Q D A . A M B D A + A L F A  IN F P 1 O 6 O
A L Y A . A M B D A  F N F P I O 7 O

C END OF SEARCH LOOP FMFPj05o
c F M FO 1O9O
C T E R M I N A T E  IF  THp CHANGE IN ARGUMENT GETS VERY LARGE FMFOI100

V

Li~~ ~~~~~~~~ 
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I F CH N R M. AMB DA— I .E t0 ) 16,16.,I. FMFPII1O
C FMFP112O

LIN E AR SEARCH TECHNI QUE INDI CATE S THAT NO MIN IMUM EXISTS FMFP1I3G
21. IEa.2 FMFP1j40

RETURN FMFP11SO
FMFP1j4fl

C I N T I R O O L A T E  C U B I C A L L Y  1w THE i N T E R V A L  D E F I N E D  BY THE SEARCH FMFPjj7~
C A B O V E  AND C O M P U T E  THE A R G U M E N T  ~ F~~R WHI CH THE INTERPOLAT ION FMFpljRo
C P C L Y N O M I A L  IS M I N I M I Z E D  FPIFP 1I90

* 
22 T.~~. F M F P 1 2 0 0
23 I F ( A M B R A ) 2 4 . 3 6 ,24 FN F P 12 I O
2~ ZS3.I (P’X—FY)/AMBDA .DX4DY FP-iFPi220

A L C A s M A X 1 F ( A B S F ( Z ) . A B S F ( D X ) , * B S F ( D Y ) )  F M F P 1 23 G
!1ALFA~ 7/ALFA FMFP124D
DA 1 FA afl A L FA. DA LF A .fl~~,#A LFA .fly~ A L FA FM FP12 SO
IF ,DALFA )51,25 .25 F M FP12 6O

25 4*ALFA.SCRT (DALFA) FMFp1270
A LFA~ (DY4W—Z)~~AMBDA/ (Dv•2 . .w’DX) FMFP12S G
00 26 T~~1,N FMFP129O

2A KU).X,i). T.ALFA).W(L) FMFP1300
C F M F P I 3 I O
C T E R M I N A T E .  IF  T H E V A L U E  OF THE A CTUA L FUNCTION AT X IS LES S F M F P 1 3 2 O
C THA~

j THE FUNCTI ON VALU ER AT THE INTER VAL ENDS. OTHERW ISE REDUCEFMFPI33D
THE RTERVAL BY CHOOSING ONE END .POINT EQUAL TO X AND REPEAT FMFPI34O

C THE INTERPOLATION . WH ICH END.POI NT IS CHOOSEN DEPENDS ON THE FMFP13SO
C VA Lu E OF THE FUNCTION A~ D ITS GRA D IENT AT X F~ Fp136o
C FMF P137O

CAlL Ft,NCTfN .X.F.G) FMFPI3SD
IF CN ) g6,102.102

1.02 C O N T I N u E
IF (F~ Fw)27,27 ,28 FMFP 13 90

27 !F(F—F Y)36.36,28 IMFP1400
25 DA L F A a ’ . FM FP1 4 10

DO 29 T~~1,N IM FP1 4 20
29 DA I.FAZFIAL FA .G (!).HCI ) rP~Fpj 43o

!FIDAL ,A)30,33 .33 FM F p1440
30 IF (F .Fw)32 ,31 ,33 IMF P1 45A
31 !I(DX—SALFA)32,36,32 FNFP146O
32 IX uF F-~ P1 70

DX.DALFA FPFP1480
T IA L FA F M FPj49 fl
A M SD A R A L FA  I M F P I 5 Ø f l
GO TO 23 FMFP1S1O

33 IF(FY—F )35.34 ,35 FMFpI52D
34 IIeDY I~ALFA )35,36,35 rMFp1530
35 FYIF IM rP 1540

DY.DALFA FMFPI55G
A M R D A .A M B D A — A L F A  r Nrp jSeo
GO TO 22 IMFP157fl

C F MFPI58O
C COMPUTE DIFFERENCE VECTORS OF A RGUME N T AND GRADIENT FROM FM F P 15Q O
C TWO CONSECUTIVE ITERA TIoNS FNFPIÔ0O

36 00 37 J’I,N FMFP16IO
FNFP1 62O

H(~~)uG(J).H (K) FMFP163O
FMFPI64O

37 4(I()eX (J).H(K) FMFP1ÔSO
FMFO166O

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘i.: ~~~~~— ‘ ‘ -
~~ i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—---.5— —v.5 -. 5— . — -  - -

~

—.5—--

~~~~

- —-- —- - - --~~~~~~

PAGE 004 
224

C TER MI N ATE , IF  F u N C T I O N  HAS NOT DECREASED DUR ING LAST IT !RATIO ~’ F M FP I6TO
IFCOLDF—F.EPS)51,3a.3$ FMFPI68O

C FMFPI69O
C TEST LENGTH OF ARGUMENT DIFFERENCE V E C T O R  AND DIRECTION VECTOR FM F P 17On
C IF AT LEAST N ITERA TION R HAVE BEEN EXECUTED, TERMINATE, II FP~FP171 fl
C BCTw ARE LESS THAN BPS F M FPI72O

36 I f u l O  FMFP 17 3 O
IFCKOUWT .N)4 2 ,3 9.39 FNFPj740

39 T e n .  F M F P 1 7 5 f l
DO .  F M F P I 7 6 O
DO 40 j si ,N  FMFPI77O
I (IN. J  F M F P j 7~~0
W U W ( K )  FMFP179O

FNPP1800
T u t . * B R F ( H ( K ) )  I M F P I B I O

40 Z.,•W’u (K ) FM FP1B 2 O
IFEHNR M—EPS)41,41,42 FMFP183O

41 !FtFE p $ )55 .55,42
c FMFPISSO

TERMINATE. IF NUMBER OF ITER ATIONS W OU LD E X C E E D  L I M I T  IMFP 1860
42 II C KCU W T.LIMTT 43,5O .50 FM FP 1S7O

C FNFp1880
C PRE .ARE UPDATIN G OF MA Tá IX H F MFP1B 9O

43 A~~p A ’O .  F MFP 1900
00 47 J$1~~N FMFP191O

I N F O  1920
WUO . FMFPI93O
Do 46 Lst.~*4 F N FPI 94O
KLuN .L F P4FP1 9SO
WuW4IE (KL)414 (K) FMFP1960
!I(L’J)44,45,45 FMFPI97O

44 KCN +N— L FMFP19SO
GO TO 46 rMFp 1990

4~ K.W+1 FMFP200 0
46 CONTINUE

FMFp2O20
ALIA sAIFA.W .W(K) FNF02030

47 H ( J ) I W  F M F P 2 Q 4 O
C FMIP20,O
C REPE AT SEARCH IN DIRECTION OF STEEPEST DESCENT IF RESULTS FMFP2O6O
C A R E NOT SAT ISFA CT ORY FMFO 2O 7O

!FeZ.A t FA)48.1.48 F NFP2OSO
C FMFp2fl90
C UPDATE MATRTX ~ FMFO2IOO

48 (.1431 FMF P21IA
DO 49 (.t.N FNFO2I2O
KL.N2.L IMFO21JO
00 49 J ’L .N F M F P 2 I 4 O
PdJ.N24j FNFP2ISO
W (K)sH(K).14(KL).H (NJ) /7.W(t ) .H ( J ) I A L F A  F M F P 2 I 6 O

49 K U W ~~1 F Mrp 2j 7~
GO TO s FMFO2j5~

C END OF ITERATION LOOP FMFp2190
C FMFO2200
C NC CONV ERGENCE A FTER LI M I T  ITERATIO NS FMFO22IO

~ o 1I..1 FMIO 2220
R 3TU RN FNF0223 0

C FNrO2240

V

4 ~~~~ 
‘
~ ~~~~~ *~~~ r

* 
V
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C RESTORE OLD VAL IJES OF F,
V
INCT IOW AND ARGUMENTS FMFP22SO

St 00 52 .1.N FNFP226O
Ku pj2.J

5 X(j)IH (K) FMFP22 SO
CALL F U N C T ( N .X, F , G )  F M F P 2 2 9 O
!F N)5A,103.t~J3

103 CONTIN UE
C FNFP2SOO
C R E P E A T  S E A R C H  1w D I R E C T I O N  OF STEEPEST DESCENT IF DERIVATIVE FMFP23IO
C F A I L S  TO BE S U F F 1C I E N T L ~ S M A L L  F M FP2 320

IF IGNRM IPS)55,55,’53 rMFP2330
C I M F02340
C TEST IOu REPEATED FAILURE OF ITERATION FNFP23SO

53 I F E I E R , 5 6 . 5 4 , 5 4  F MF P2 3 60
54 IFR S I ,MF’P2370

G O TO i F MFp23 60

~~ I B u I C  FMI’ O 2390
P R I N T  5 7 .K OU N T

¶7 F’ORMATUI,2214 FMFP CONVERGID A FTER ,14 .ttH ITERATIONS •/~~)
56 RET U RN FMFP2400

EN D FMFP2 4/O

~ 

~~~~~~~~~~ 
V V  V~~~~~~~~ 2
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RAGE 001 
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II NA ME AA
11 E O I J I O I C A R D R E , P R J N T E , C A R D P I J J

SUBRCUTINE BACKS3( NUNTOT.NPTX,RB $TRT,RMSTRT.FCSTRT .RBB .RMM,FCC,
SFMTD,RANMID,00 THMD .NUSED.PRNTSW )

D I M E N S I O N  X ( 3 ) ,G ( 3 ) . W ( 32)
D I M E N S I O N  F B S M E S ( 5 0 1 . P R S M E R ( 5 O )
DI MENSION RAN (SO),RTA(5O),RBB(20).RMM (20),FCC (20) ,FMID (20)
DI MENS?ONRANMID (20 ).GPTHMDI2O )
COMMON FBSMES,PBSMFS.DT. NPTS,RAN ;BTA ,GPCMID

C......
C.....TM~ S IR  S U B R O U T I N E  F OR THE MIN SUM SQUARED ERROR NOISY BA CKSCATTER LEADING
C.....EDGE INVERSION PROCEDURE ...
C..~.•D8,C pIuED ZN QuARTERLy REPORTS 3~ 4.5 OF DR. yEH AND DR. SAC S AIR FORCE
C”..’CAFCRLI CONTRACT NUMBER I 19628.25.C—0088, 1975.1976
C
C

C
C SURROUT INE INPUT PA RAME TERS FOLLOW,...,.......,
C
C NU~4 T C T u T O T A L  NUMBER OF POIi~TS SCA t E D  F R O M  T O N O G R A M  B A C S C A T T E R  L E A D I N G
C EDGE WHICH ARE TO BE INVERTED IN GROUPS OF NOTS
C N P f S . N I u M B E R  OF POINTS IN EACH GROUP OF DA TA THAT WIL L BE SUCCESSIVELY INV
C
C FoR EXAMPIE ...TO PR0C~ SS 12 BA CKSCATT ER ION OGRAM PTS BY INVERTIN G
C O V E R L A P P I N G  GR OUPS OF 4 POINTS AT A TIME. WE LET NUMTOTII2AND
C NUMGRPI4.
C
C N O T E  THAT T H E S T A R T I N G  SET OF ESTIMA TED LAYER PARAMETERS IS USED
C 1w I N V E R T I N G  THE r I R s f  SET OF BACKSCATTER LEADING EDGF POINTS. EACH
C SJJBS E OU ENT SET USES THE IMMEDIATELY PRECEEDING SOLUTION AS THE
C STARTING POINT.
C
C Rg !TR T ISTAR T ING VA LUE RB IN KM
C R J 4 S T R T . S T A R T I N G  V A L U E  RN 114 KM
C FCSTRTISTARTING VA t UE IC IN MHZ
C
C OUyPIjT PARAMETER DFFNS.,.........
C REB uVEC TOR OF RB PARAMET ERR OBTAINED F R O M  THE S U C C E S S I V E  I N V E R S I O N  OF THE
C SETS OF Pl OTS P O I N T S
C R M N IV E e T OR OF RM O A R A M E T E R R
C P C C .V E C T OR  OF FC PA RA MET ER R
C F N T D .V E C T O R  OF THE FREQUENCIES CORRESPONDING TO THE M I D D L E  B A C K S C A T T E R
C LEADING EDGE POINT IN +H€ SUCCESSIVE SETS OF NPTS POINTS
C RAp iM ZDUVECTOR ~F RANGES III KM
C GP?HtdD .VECTOR OF GROUP PATHS IN KM
C M U R E D . N U M B E R  OF SETS OF 140+8 P O I N T S  S U C C E S S F U L L Y  I N V E R T E D  F R O M
C BACKSCATTER LEADING EDGE
C PRNTSW.J’DO NOT PRIN T IPITEqMED !AiE RESULTS
C PRp~TSW .1IPRINT INTERMEDIATE RESUJ~TS
C
C
O . . . . ’D E S CR IP T I ON  OF D A T A  DECK TO BE R E A D  I N  BY S U B R O U T I N E
C
C.....PARAPETEP CARD DESCRIPTION IN 4FI Ø,5 FORMAT
C..... DT IS THE TOLERANCE IN THE DERIV O~ THE MIN I MUM GROUP PATH W ITH RESPECT
C•s..* TO BETA . TYPICALLY SE+ TO .05 KN/RAD.
C’a••• liT • ES T IMA TED M IN VA L U E OF E U M . S Q U A R E D  E R R O R  F U N C T I O N  B ( I N  SO K M )

a

II VV V.5 - — ~~~~~~~~~~~~~~~~~~~~~ V
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~~1•~~• UPON WHICH THE M IN IMIIAT !rIN P R O C E D U R E  BA SES ITS STE°SIZF
C..~~.. EPSITOL TO WH I C H  M I N I M t J M  I S  TO BE COMPUTED (SUER FMFP USES IT TO DETERM
C*•. .R WHEN TO TERMINATE MINIMI ZATI ON ITERA TIONS )

~... .. LIM~ T .MAX IMUM N(JMRER OF ITERAT IONS A LLOWED IN MINIMIZATION ITERATION
C.•~~.• LCO P EEFORE GIVING tip

NPYS’NPTX
XC I ).RuSTRT
X ( ~~) . R M S T R T
X(~~)SFCSTRT

C~~ø.•. X (1)’STARTTNG VALUE RB TN KM
C~ •~~~’ X (2’,’STARTING VA LUE RN ~N KM
~~~~~~ X (3 r u I S TA R T ING VA L UE FC IN MHZ

READ 1V .DT,EST.EPS.Xl!M IT
‘10 FOPMAT (4F1 0.5)

LI M IT IWL IMIT
NUMSET .N1JMTOT—NPTS,j
NUREC•IJUNSET
JAuRAY .1
DO 101 ZCTaI. P4UMSET

C.....SAVE STARTING VALUES IN CARE WE WANT TO A BORT ATTEMPT AND TRY AGAIN
XSvi•X I1)
X5v2.X i2)
X5v3 .X (3)

C.....KT.0 INDICATES FIRST ATTEMPT AT M IN IM I ZA T ION

F ST S V Eu E ST
C.....FIuST INIT I A L I Z E  F i,NCT BY RE A D I N G  IN
C.....IN AND PRINT OI~T THE NIIMPT POINTS SCALED OFF LEADING EDGE flF BS IO PJO G RAM
C.....A5 WELt AS READ IN THE TOLERANCE TO WHICH THE MI N GROUP PATH IS FOUND IN
C.....SU.ROUTINE FSTDIF’ AND YHE NUMBER ~F TONO GRAM PTS USED IN DEFINI NG THE ERPO
C”...ERROR FUNCTION B. IN SUBROUTINE ~UNCT....

IF PRNTSW )119,121.119
119 CONTINuE

P R I N T  12. DT
C~ I...DT IS THE TOLE RANC E OF DFRIv OF GROUP PATH WRT BETA (KM/SAD )
C~ i..*FOu LS F IN FSTDI F R OUTI NE WHEN IT COMPUTES THE MIN GROUP PATH
12 FOPMATI/.54HITOLERANCE OF DERIV OF GROUP PATH WRT BETA (KM/PAD) a

S ,F5•3//)
C.....NP~ S Is THE NUMBER OF 0011145 SCALE D FROM LEADI NG EDGE OF B S IDNOG RAM
C~ ....FOP LSF IN EV A LU AT ING THE RUM SQUARED ERROR FCN

PRyNT 13.NPTS
121 C O N T I N U E
13 F O u M A T c / ,  6114 N U M B E R  OF S C A L E D  I G N O G R A M  P O I N T S  TO BE USED I N  E R R O R

S F ON • .12)
Tr I CT — 1) 130.12 5, 130

125 READ j6,(FBSMES (I),PB $MES(t),III.NPTS)

~~~...HEuE THE LEADING EDGE 00111+9 ARE READ IN
16 FO pNA T (2FtO ,5)

GO TO 150
130 DO 145 I N D I 2 ,N O T S

FBRME SCIN D .t) IFB SMPS(I ND)
145 PBRM E SCIND .1).PBSM F S (IND )

RE AD 16.FBSMES (NPTS).PRSMER(NPTS)
150 CONTINUE

I, (PRwTSW)151. 201.151
151 CONT IN UE

PRINT 17

-,:;

~ 

4.. • ‘~~*, i.7~
.5, .-.-



228 

~~~~~~~~~~~~~~~

‘AGE 003

17 F O R $ A T ( 5 3 H  M E A S U R E D  P O I N T  oN B A C I < S C A T T E R  Z O N O G R A M  L E A D I N G  E D G E  .
5/.9X ,lRt4FREQUENCY (MHZ) .AX,6X .tSHGROUP PATH (KM )
PRINT 19,(FBSMES( I) .PBSMFSé Ii • Ii1. P-IpT S)

19 FORMAT I/ .11X ,FB .3.19X ,F0.31/)
PRINT 2O.X (1).X (2) ,X(3),E3y.EPS,L~IM IT

2Q FO RM AT ( 26W STARTIN G VA i UE Rg (KM) ~ ,F8.4,8X.
52 5w S T A R T I N G  V A L U E  5 M ( K M )  •
127 M STARTING VALUE FC (MWZ • .FB.6,/.
537w ESTIMATE OF M IN SUM SQuARED BRROR a •F10,5,/,
9 27W E X P E C T E D  A B SOL u TE E R R O R  •
532w MAvI M UM NUMBER OF I T E R A T I O N S  •

CALL FLINCT (N.X .VAL .G)
PRINT ;1.VAL .G

‘1 FORNAT~33H INITIAL SUM SOUARE D ERROR (B ) a . E12.5.i.
5914 DEDe8 • .E12.5,3x.
S9~ D E D u M  a .F12.5.5x.
$914 DEDEC • .E12.S.//)

201 CO~ T1N tiE
N.3
0 L 0 M I N U 9 9 9 9 9 .

C.....THIS BUSINESS ABT OLDM IN HAS TO ~O WIT H NUM ER ICAL ERROR PROB IN FSTDIF SUB
C.e.. .SE! STATEMENT ;oOO TO çEE wHAT I A M TALKING ABO UT
C.....P MF P I s  THE N O N L I N E A R  M ! N I M I 7 A T I Q r 4  R O U T I N E  F O U N D  IN I B M  S C I E N T I F I C  SUPR
C.....SURRCUTINE PACKAGE . IT INTER PIALeY CALLS FUNCT TO PERFORM SUCCESSIVE
C.....E V A L U A T I O N S  OF THE SUM SQUARED ERROR FUNCT ION AND ITS GRA DIENT
~2 CALL FNFPC N ,x.FM !N:G ,ES T.ED s ,L IM LT. IER.H )
C.....IF N L M P R I C A L  E R R O R S  SUCH A R SORT (NEG N UM BER ) . LO GC LE SS THA N 0). OR
C.. ...AC~ S (GpEATE R THAN 1) WERE FLAGGE D IN  T H E E V A L U A T I O N  OF F U N C T I  N IS
C.....NEGATED AND SO WE TEST TOP THIS ERR OR CONDITIP . UPON EXIT FROM FHFP

1Ff N ) 25, 27, 27
25 PRINT 2 6 ,K T . E S T
26 F O R M A T I / / / 3 0 H  N U M E R I C A L  E R R O R S  ON TRY N R a ,I 2,1614 WITH EST M IN •

S• •F7.5,///)
KT.KT+1

c.....SET P. mAC K T~ .3
N s .N
CALL Ft,NCT (N,X.FMI PJ,G)

Ce....EVALLA ,E FMIN ON BASIS OF PARTIAL LY ITERA TED PA RAMET ERS JUST BEFORE hUM ERI
C.....N4~*E R I r A L  P R O B L E M S  W E R E  ENCOUN T E R E D

IF(OLDMIN.FMIN)2610.2610.2600 -

2600 SOlN 1.~~C 1)
SQL N2.X(2)
SOIPI3.x (3)
SVM INRYM IN
GSvl•GC1)
QSV2uG 12)
GSV3.G(31
OLDMIN .FMIN

2610 CONTINU E
.5 C•~.”IP THIS IS 7TH TRY GIVE UP ENTIRE LY

!P’EKT—T)260.270,270
C..... IP NLMERICAL ERRORS, Al TER EST, WHiCH WILL DECREASE THE STEP SIZE AND TRY
C....STRy AGAIN , FIRST GO BACK +0 OP IOH IN AL STARTING SOLUTION
260 IP’CFM IPI IST)262,262.26t
C••~.9IF OUR ESTI MATE WA 5 TOO SMALL INCREASE IT
261 €IteEST.1O.

GO TO ~63

- ~~~~~
- . ~
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C.....IF OUR ESTIMA TE WA R TOO LARGE DECREASE IT
262 EST~ EST/1O .
263 CONTINuE

X ( ~ ) • X R V I
X ( 7 ) • X S V 2
X (3) uXSV3

C.....NOw GO BACK TO 22 AND TRY A GAIN
GO TO 92

27 0 P R I N T  271
271 FORMA T1/I,5714 WILL GIVE UP TRYING T~ I N V E R T  ~~~I S  ~~A ! A  A1 Y F Q  7

$
~
4PTS. /,)
PRINT 275

275 F O R M A T I 1 ) O ( 1 H S ) . / . 1 0 4 S 1 4  W I L t  USE LAST VA LUES ‘~~ I~ E~
aT
~~ ‘L-a Et -~~S

S BEFORE NUMERICAL PR O Bl EM nCCURRED...NOTE F~~ F P  I~ 
•

S.jnO (1WS).//)
X (1)USOLN1
X(~~).SOLN2
X ( 3  ) ‘SO LN 3
FNTN ’S V M I N
G(t)aGSV1

GC 3)~~GcV3
GO TO 38

27 COw TINt ’E
C
C.....I ERIO, A VALID MIN IM UM WIT HIN THE SPECIFIED TOL E OA’ .T ’ (~~D c,~ .*c  ~~~~~~~~~~ ~~~~

C~ ’...FMFP
C.....IER.1. A MINIMUM WAS N OT FOUND Ill THE SPECIFIED l LI ~’T~~

) ~~~ ‘R f ~~ OC V E P A ’ ! r ~
C....aIEPU.1. IMPLIES ERROR TN GRA DIENT CALCUL AT ION
C.....IER.2,l INEAR -SEARC H CANNOT FiND M IN IM UM
C

I F t  PR NTS W ) 301, 401. 301
301 CONTINuE

I GO TCa I ER +2
GO T C C I) . 3 2 , 3 4 . 3 6 ) ,  I G O T O

32 PRINT 33
33 F O P M A T , / / / , Ô O H  VAL ID M IN IM i ,M FOUND BY FMFP WITH IN SPECIFIE D TO LE RA N CE B P S

%NCF EP~ 
)

GO TC 38
30 P R I N T  33
lj FcjRMAT (///,35H ERROR IN FMFP GRADI ENT CALCUL ATI ON

GO TO 38
34 P R I N T  3 5 , L I M I T
35 FOPMATI///.8eH ERR FCN COw D NOT ~E M IN I MIZED WIT H IN THE SPECIFIED

S NP (LIMIT ) OF I T E R A T I O N S  i IMIT I .15)
GO TO 38

16 PRINT 37
37 FORMAT (/l/,45$ LINEAR SEARCH IN ~MFP COULD NOT FIND M IN IM UM)
38 CONTINUE
C~~ ...PRINT INVERTED LAYER PARAM ETERS AS WELL AS M INIMUM VALUE OF SU M . S Q U A R E D
C....~ FRPOP FUNCTION

P R I N T  4 0 . X . F M I N  .0
40 FORPCATC/#/.2914 ITERATED VA J UE OF p5 (1(M) a .F6,2, 5x.

529w I T E R A T E D  V A L U E  OF P M u~M )  • £F6.2. 5X,
530W ITERATED VALUE OF PC ( w W 7 )  •
52 5W M IN SUM SQu ARED ERROR a
S914 DEDmE • ,E12.5,5g,914 DErIRM a 1E12.5.5X ,9H DEDFC •
PRINT 51

] f ]
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•0 FO RMAT C//104H RANG E *140 E L E V A T I O N  A NGL E S CORRESPONDI N G TO THE hOTS ~
S BAC K SOATTER L EADING EDGE POINTS USED IN INVERS ION .1)

60 P R , N T 7 . C I , F R S M E S ( , ) , R A N ( f l , R T A U ) . I a 1 . P J P T S )
70 FORNA TI3H F(.I2,4H) a ,F7.4,414 MWZ.SX.23HM IN GROUP RANGE (NM) a

5F9.3,SX,3OHM IN GROUP EIEV ANGLE b EG ) • •F6.3)
401 CO NTINUE
C.’...H!RE Hr SAVE T H E R E S U L T S  OF THE R R E S E N T  N P T S  I N V E R S I O N

550 (.J A R R A Y  ) SX (  1)
RMM (~~A 0R A Y)~~X (2)
FCC (,~A .RAY)~~X (3)
NM TD L NPTS /2 1
F I 4 I D ( J * R R A Y ) a F R S N E S ( P J M I D L )
RANM ID (JA RRA Y )5RA PI (NMIDL )
G P T H M D  J A R R A Y  ) a G P C M I D
JA R R A y .,JARRAY .1.

100 CO NT IN IJE
F ST~ ESTSVE

101 CONTINUE
C.....PRINT OUT SUMMARY OF THE IPJVERTED BAC KSC ATTER IONOG W A M POINTS

PRINT 7’3,NUSED .N P TS
700 FO,MAT (1ll1,// .100(1l.4.)./,5flH SUMMARY ~F THE RA CKSCA TTER LE AD ING EDO

SOB INVERSION ./1IX .12 .814 SETS OF, 12,4414 OV ER LAPP IN G SETS WERE SUCCE
SSSTVEL Y INVERTED.///)

P R I N T  710
710 FORMAT CS 4H P13 (1(M) RM (KM ) FC (MHZ) FRED (MHZ) RANG E 1KM )

I (wM) M !N GROUP PATH (I(P4) ~)
PR INT 520, (R8B(J),RMM(J).FCC(J) ,~~M1D (J),RANMT D (J),

$ G P y Hf r D ( . J ) , J a 1 , N U S E D )
720 FoaMAT (2x,F9.3.1x,r jo.3 .Fjn.3 ,3~~1F1~~,3.4X ,Fjo .3 .Qx , Ftc l ,3)

RETURN
END



~ 
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NAM E AZ
EOI JIF .CA RDRE .PPINTE .CARDPU,
SURRCU TINE DCAI (FC .RB.PM ,FW, GP ,D.GPTOL
RO.637 .
SI NBET .(RB .RB—R0.Rfl—GP.GP/d. )~~(RO.GP)

~B T A . A S I N F  ( S I N R E T )
RETA .O. U O O 1

2~ CO RB ET •C O SF (B ETA )
ST NBE laS INF C BETA

FFaF ~ F

RBVM2 zRB .RH/(YM.YM)
A . F F — 1  . +PBY PI2

• ~RM’RBY M2
C•,BYM 7*RM.RM-FF~~Rfl.RO •COSRET*CoSBETUaR~ E 4 . ’A~ C
G A M ~ AC O 5 F ( ( R O / R B )~~C O S B E T )
S I N G A M • S I N F ( G A M )
CO RGAM •COSF (GAM )
C O T G A M • C O S G A M / S  1110 AM
SO&~ SO PTF (A )
V s2 .’A .R8~ R+2 • .R9*ç.SQA•STPJGA ~
GPC a2.,(1.— FF/A) .RR .STNGAM_ 2~~.RO.SINPET.(B.F/(2..A .SOA)).LOGF

1. -1 U/ (V~~v) 
)

IF (AB SF (GPC— GP ) GPTOL ) 100 .100,50
50 DQRDBa9..(j..FF/A+R.FF/ (A.v) ).RO.SIP4BET .COTGAM
1.2..(1.— (2.øR.F.FF.RflaSINBrT)/(SQA .U))ftRU~ C O S BET
PRINT 4~~,FW.GP .13ETA .GOC,DQPD5.F C ,R ~~,RM

40 F O R M A T I 6 X . R F I O . 2 )
PETA .BETA .(GP— (P0 )/DGPDB
S I P1BE TuS IN F (BETA )
GO TO~~~i

100 SO C2 SOR TF (C )
w•~ , .S~ C . P . R R . Sl N G A M . 2 . •C.R.q8
D .fGAM,BE TA) .CF.RO .COSBET/ q2~~.SQC)) .LOGF (U .RB.RB/(W .U))
0S2.’RO’D
RETURN
EN D

~~~~~~~~~~~~ -~----- ---
~~~ 
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PA G E O ni  232

ui NA ME AR
H EQuIP•CARDRE,PRINTE,CARDOU ,

FUp~CTInN SQROO (ARG)
C
., ..~~9 U p R C I J T T N E  SOR O O C H E C K S  TO SEE I F  WE A R E  T R Y I N G  TO T A K E  THE SORT OF A NEG
C*4.e~ NUuiBER. IF WE SO THEN AN ERROR CONDX 1 FLAGGED AND THE A PO IS PRINTED OU
C•~ *~ * W T T H  A MESS AG E. .. THE F L A G r ~T N G  IS D O N E 8~ S E T T I N G  SO RO O a 9 9 9 9 •
CIø...WITHCUT SUCH A SUBROUTINE THE G20 W ILL SIGN YOU OFF IN A u4 (IRRY

1)9 FROM GESTING TO ANY GOOD DATA
C

1Ff AR G) 10, 20. 20
to CONTINuE

PRINT 15. ARG
tS FORMA T I29H SORT ENTERED WI,H NEG ARG • ,E 13 .7)

Sap OC~ ’999.GO IC 30
20 S 0 0 0 0 R S Q P T ( A R Q )
30 RETUP N

B ND

— ~~~~~ - - .5~~~~ - 
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2 3 3

CONTu~4uE
READ CARD i

E 5Et~ t %

READ cmD 2 
kALL ~X~T f

CALl. 8*~i~$3
PP~.D~-T QPP 4 CET N tI).t4

I 1~C -
PLACE ~CC RBC, RMC
IN a DU~l%E

’NSIoNAL ARRAYS

a 
— 

—.5- 
~~~~~

Lr iNA
~~~?~ 

140
~~~~~ D~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~

x

~~

I

~~~~~~~~

NT FWJ

~~~~~~~

I
:1

_ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _  

l~ %D~DE5TL~ VToL 2 F-iL

~~° f i?fl~j 
~ 

~ET ~~~~~ I,pr ~u. ‘o.l
— 

~~~~~~~~~~~~~ 
~ 

1~4 l ~) 
CALl. ~CAL 

_______

~~~~~~~~~~~ ? 1 ~~~ ~‘~‘)! 1 us~ nrr~~~p. L*IC.TORS
.5 To EBTLM4crE ~~~~~~ p

_______________  ____________ 

coMpuyrE IWTBRP (FCZ~, ~Øt~
fl~OMYUTh LMT~RPC.~ ,ATION FftCroR$ PACrORS

4 5E1 N1aN~ c), N2~ N(uc 
~ Co 

____

Fi gure A.3.l. Flow chart for main program .
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Figure A.3 .2. Flow chart for subroutine FUNCT.
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Figure A .3.3.a. Flow chart for subroutine BACKS3

( continued on next figure).
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Figure A .3.3.b. Flow chart for subroutine BACKS
.5 continuation of Figure A .3.3.a).
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Figure A.3 .4.a. Flow chart for subroutine FSTDFS

(continued on next figure) .
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Figure A.3 .4.b. Flow chart for subroutine FSTDFS
(continuation of Figure A.3.4.a).
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Figure A .3.5. Flow chart for subroutine DCAL .
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I ru~~J
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Figure A .3.6. Flow chart for special functions
(square root , log, and cos ’).
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TRAMSIIIITTEp. CARD

~ ROUP D~ I.AY

ESL DECIic -.~ 1ERMIbWTION CARD

MIMLJTN ID CARD~~~ Lest pOI NT DECl~

TOLERANCE c~~~ RE8TAR.T CARD

Figure A.3.7. Sequence of data cards .
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The program formats are as follows

INPUT :

The input format shown in Figure A.3.7can , perhaps , be more

easily understood by referring to the flow diagram of the

main program . The first card serves primarily to identify

the backscatte r ionogram sounder. The variables appearing

on the first control card are as follows .

TRANSMITTE R CARD :

1. transmitter latitude (degrees)

2 .  t ransmi t ter long itude (degrees)

3. initial estimate of overhead critical frequency (MHz)

4. initial estimate of base height of overhead ionosphere (km)

5. initial estimate of semithickness of overhead ionosphere
(km )

6. nuither of azimuthal direction s along which BSI are

.5 obtained (integer)

7. an index (m d) which is zero when the user is supplying
group delay deck , and nonzero otherwise (integer)

The format of the transmitter card is SF10.2 , Ii , 9X , Ii
respective ly .

The next set of cards comprise the BSI deck . The first

card in this set is the azimuth identification card which con-

tains

AZIMUTH ID CARD:

1. azimuth along which the following set of backscatter
ionogram points have been obtained. (degrees)

2.  the total number of backscatter ionograin points along
the azimuth which will be read in. (integer)

.5 3. the number of consecutive BSI points (less than or equal
to the total number of BSI points) which will be con-
sidered simultaneously in obtaining a single net of QPP.
(integer)

.5 
~~~~~ . 

.5 .. - .5 1. • - - 
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The format of the azimuth card is F10.2 , 12 , 8X , 12

TOLERANCE CARD :

1. tolerance of the deviation of the group path with

respect to elevation angle (typically .05 km/rad.)

2. final step size control for minimization (typically .01)

3. desired final value of error in fitting QPP to measured

BSI (typically .05 km/rad.)

4. maximum n umber of iterations which may be performed in

fitting QPP to measured ESI (floating point)

The format of this card is 4FlO.5.

BSI POINT DE CK (SINGLE AZIMUTH )

There is one card for each measured point on the BSI along

the given azimuthal direction . Each card contains :

frequency of BSI point (MHz)

2. group path of BSI point (km)

The format is 2F10.0.

USING THE RESTART CARD :

The restart card (format 110) is used only if IND~ 0. When

the user sets IND�0 (referring to the main program flow chart)

the program will not use the QPP to compute the ground range cor-

responding to a given group path . In fact, the program will  go

no further than the computation of QPP as performed by subroutine

BACKS3. The only information on the restart card is the integer

KGO . Setting KGO to zero (or ,equivalently , using a blank card)

tells the program to read in another batch of cards consisting

of
t 

- V - - - - - V ’ V - V- - - - ----- - -- .5
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1. TRANSMITTER CARD

2. AZIMTJTH ID CARD

3. TOLERANCE CARD

4.  BSI POINT DECK

and , if  the new t ransmit ter  card has IND=0

5. GROUP DELAY DECK

6.  TERMINATION CARD

Setting KGO < 0 will terminate the execution by telling the

program that there is no more data to be processed.

N OT USING THE RESTART CARD :

The restart card shou1c~ riot be used when IND=0 . Also , even

when IND#O the restart card should not be used between BSI decks

corresponding to the same transmitter card , but different azi-

muthal angles (multi—azimuth case). In this case , the last card

of the BSI point deck is followed immediately by the :

1. AZIMUTH ID CARD

2. TOLERANCE CARD

3. BST POINT DECK

corresponding to the next azimuthal direction , with  the data

from the first transmitter card being used for all subsequent

azinmthal angles. After the BSI point deck corresponding to the

last azimuthal angle , the restart card is used to s igni f y end of

data (IWO < 0), or a new transmitter card (KGO = 0 ) .

GROu P DELAY DECK :

The group delay deck provides the program with a specific

value of group path from which to compute the ground range .

- 

j
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The re is one card for each group path measurement to be used in

this manner. Each card in the group delay deck contains:

GROUP DELAY DECK CARD :

1. frequency at which measurement is made (MHz)

2. azimuthal angle at which measurement is made (degrees)

3. measured value of gro up path (km )

The format is 3F10.0.

TE RMINATION CARD :

After the last group delay deck card there must be a termi-

nation card , containing the parameter FW in Fl0.0 format. FW < 0

signifies end of data and terminates the program. F WO  tells

the program that more data will be read in , star t ing from the

transmitter card and continuing in order to either a restart card

or a new termination card .

~

1

~
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t•~~•..a•.I ••a •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
SUM ~ A OF ‘HF RA r’~~ CAT !EP LEAO,wr~ FflGF IP~vE~~SInN
3 SETS OF ‘ OVER, AR P1N r PETS WFRF SUECES PIVELY INVERTED

~8 
(NM ) RMC XPI ) FC tMW Z~ FREQ (MHZ) RAN GE (I<M) N IH GROUP PATH 1KM)

6A1R ,Q1S 6710 ,406 9.193 1~~.fl00 1061.038 1302 .247
6632.230 6690.6R5 8 558 1.7.000 1449.758 A 1644.938
6601.425 66Q0.1~ 2 8.713 20.OnO 1877,891 ‘

~‘ 2046.889
9.1P27 A618.918P A710.4n62 1fl6t.038~ 130 2 .2466
8.5’80 6632,2304 6~~ O,6446 1449.757B l644,9381B8.7i30 6601.4253 6690.1.316 1817.8905 2046.8686

16.00 52.00 17O0.~~O 1876.31 çj
P . 6 4  6615..3 6690.39 t~ I

16.00 i700 .ofl 0.00 3730.98 12739.52 8.64 66 15.93 6890 ,59
16.00 1700.00 n.16 2271.71 —6004.27 8.64 6615.93 6690,39
i~~.no 17O0 .~~0 n.25 1829.23 —3462.60 ~ 8.64 66j5.93 6690.39
1*.OO 1700.00 0.29 1714,51 .2700 ,21 8,64 6615,93 6690.39
16.00 1700.00 n.3() 1700.28 —2597.~ 5 8.64 6615,93 V V 6 . 5 69 0 . 39

1 16.00 ~2.0O 1700.00 1676.31 1~~57 , n Q E 1
j  P .6Q 6624.51 6690 ,55 D I
1~~.OO 1700.00 fl .00 378fl.lj —12739.53 8.60 6624.51 6690.55
1 .0O 1700.00 n.16 2286.07 — 6003 .18 8.60 6624.51 6690.55
16.00 1700.00 fl.26 1832.05 —3471.20 ~ 8.60 6624,51 66 90 .55
16.00 1700.00 n.30 j7j4~ 65 —2715.10 8.60 6624.51 6690.55
16.00 1700,00 n.3fl 1700.27 —2613.~ 8 8 ,60 6624.5 1 66 90.55

16 .00 52.00 1700 .00 j557~ 09 1552 .33 V I
I P.60 6624.85 6690.55 

~ I
16.00 1700.00 0.00 3782.03 12739 .53 8.60 6624.85 6690.5
16 .00 1700.00 ~.i6 2286.62 — 60u3 ,28 8.60 6624 .85 6690 . 5
16.00 1700.00 n.26 1832.14 —3471.84 E 8.60 6624,85 6690.5
16.00 1700.00 n .30 1714.65 —2716.14 8~ 6Q 6624,85 6690.5
16 .00 1700.00 n .3p 1700.27 —2615.06 8.60 6624.85 6690.5

16.00 52.00 1700.00 1552.33 1552.1SE
16.00 52.00 1700 .00_ 1552 .15

- - - — _ _
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OUTPUT FORMAT :

Referring to the sample ou tput which res u lted from a si n gle

azimuth measurement , subroutine BACKS3 causes block A to be pr in ted .

Each row of block A contains RB, RN, FC, frequency , range , and

minimum group path. Block B contains the same information as

block A (except for frequency ) and shows that the variables have

been transferred from BACKS3 to the main program . Block C con-

tains frequency , azimuth , measured group path and the first ap-

proximation to ground range in the subsequent attempt to compute

the ground range from a given value of group path . Block D con-

tains the interpolated values of QPP at the reflection point

Block E is printed out in subroutine DCAL and represents the

progress of subroutine DCAL in homing a ray through the QP ion—

osphere model based upon group path . Each row of block E con-

tains frequency , measured group path , in i t ia l  elevation angle

( s ) ,  computed group path , the derivative of group path with

respect to ~ , and the three QPP describing the ionosphere . In

the last rcw of block E , it can be seen that the computed and

measured group paths are very close , so DCAL returns to the

main program . Upon returning to the main program block F is

printed and contains frequency , azimuth , measured group path ,

estimated ground range , and ground range based upon the homed

V in value of the initial ray elevation angle . Since these two

ground ranges are so different a new interpolation procedure is

initiated in the main program to compute the values of QPP at

the reflection point of the homed in ray . This interpolation

is summarized in block D, and comparing the first block D with

.5% -‘.5 4 .5__ , V

- - V~~ if ~~~~~~~~~~~~~~~~~~~~~ - - - - V ~V .5 - V . 5
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the second block D , we can see that the QPP at the reflection

point are indeed different when computed for the homed in ray .

This leads to an iterative process which alternates between

subroutine DCAL , and the recomputation of the interpolated QPP.

The final block F shows , however that the most recent computed

ground range , and the ground range from the previous iteration

are very close. Thus , block G is printed in the main program

and contains the frequency , azimuth , group path and final

solution for the ground range.

.5, — 4 - ... .~~~~ !-. 
V

-: . 5 1 . 5 :  
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APPENDIX 4

A Method for Inverting Oblique Sounding Data
in the Ionosphere

by S. I. Chuang and K. C. Yeh

This paper has been submitted to Radio Science .

-
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A P~ THOD FOR INV E RT ING OBLIQUE
SOUNDING DATA iN THE IONOSPHE RE

*S. L. Chuang and K. C. Yeh
Department of Electricdl Engineering

National Taiwan University

We have developed in this paper a method of inverting backscatter

leading edge ionograms and fixed distance oblique ionograms to obtain ioniza—

tion profiler. The problem of ionogram inversion is f i r s t  f o r m u l a t e d  in

such a way that the Backus—Gilbert technique can be app lied . This inversion

technique starts by assuming an initial profile based on available knowledge .

Oblique group paths are computed by using this initial profile and are compared

with the experimental data. The discrepancy in group path is used as a basis

for improving the profile and thus an iterative procedure is developed. This

iteration is continued until an optimum solution is found . As is well—known ,

when lonogr ams are given at discrete frequencies there may exist an

infinite number of profiles that will yield the observed group path data.

Among this in f in i t e  number of solutions there is an optimum one in the sense

that its fractional departure from the initially assumed profile is a minimum

in terms of value ~t boundaries and in terms of the profile curvature. The

method is then applied to the special vertical incidence case and reasonably

fast convergence is obtained. This success demonstrates the promise of this

method in inverting oblique sounding data.

* Permanent address: Department of Electrical Engineering, University of
Illinois.
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1. INTROI)UCT ION

In ionospheric sounding one usually measures the wave parameters , such

as t r ans i t  time , f r e q u e n c y  shift , polarization , powe r returned , et c. One

wishes then to make use of these measured wave parameters to deduce the

physical parameters of the ionosphere , such as electron density, temperature ,

motion , etc. In order to deduce these phys ical parameters one must make use

of a theory , known as the inversion theory, to rela te these des ired ph ysical

parameters to wave parameters. Sometimes the inversion is quite simple;

sometimes the inversion can be quite comp lex. A case in point is the inver-

sion of ver t ical ionograms , e.g., [Budden , 1961 , p. 161], where the virtual

height h’(f) as a function of frequency f is measured and the true ioniza-

tion profile N(h) is desired. From wave propagation studies one realizes

that h’ is a nonlinear functional of N and as such it is in general very d if-

ficult to solve. Fortunately for the case of vertical ionograms with mag—

netoion ic e f fec ts ignored , the integral can be put in the form of a convolu-

tion type which can then be solved , for examp le, by Laplace transform , prov ided

that N(h) increases monotonically wi th hei ght. Now if one wishes to sound

obliquely in order to ob tain the p rof i le  some d istance away from the local

vertical , the integral  is no longer of the convolution type .  In this case,

since the group delay is a nonlinear functional of N(h), the inversion becomes

very difficult. Current techniques are large ly numerical  and are desi gned to

obtain a model profile that will yield data approximating the measured data.

However , ionospheric investigations have been carried out for several

decades. The accumulated knowledge enables us to make a zeroth—order guess

abou t the profile. If this zeroth—order profile does not depart apprec iably

from the true profile , it is possible to reformulate the problem by a lineari-

zation procedure. This reformulated problem is much simpler to deal with

1

~
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because it is now linear. Many mathematical techniques app licable to linear

problems can be used in order to arrive at a solution. Our approach is

simila r to tha t used in geophysics for inverting seismic data [Backus and

Gilbert , 1967].

2. FORMULATION

For simpli city we will ignore the magnetoionic effects completely. The

ionosphere is assumed to be sphe r ically stra tified so that the Bouguer ’s r u le

applies at any poi nt along the ray , i.e.,

cos 
~~ 

= rn cos c~ = r
t
n
t 

= constant (1)

where r is the geocen tr ic dis tance of a poin t along the ray,  n = n ( r )  is t h e

refractive index and 4 = 4 ( r )  is the elevation angle of the ray . The earth

rad ius is r
0 

at wh ich 
~o 

= q~(r
0

) .  The ray is r e f l e c t e d  w i t h  a g e o c e n t r i c

dis tance r
t 
at which n

~ 
= n(r

~
) and ~(r) = 0. The group path of an iono—

spherically reflec ted signal is

r r

P = 2 j  d s + 2 J  ds/n . (2)
r0 

rb

This integral is integrated along the ray from r
0 

to the bottom of

the ionosphere at r
b 
in free space and then from r

b 
to r

~ 
in the

ionosphere. In the ionosphere the refractive index is related to the electron

density profile N(r) through

= I - kN /f ~ (3)

where f is the radio frequency and k = e
2

/4 1T
2

mt
0 

has a numerical value 80.6 in

S.I. units. It is easily seen from (2) that P is a nonlinear functional of N.

We are not aware of any analytic method tha t  can be used to solve for N.
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Therefore, we will adop t a perturbation scheme to linearize the problem. Our

approach is similar to that used in inverting teleseismic ray data [Johnson

and Gilber t, 1972].

Perturbations in P can come from two sources: perturbations in n and

perturbations in 4.~. Taking the variation in (2) and linearizing , we obtain

= 2 j ~~~ 
ds + ~~~ . (4)

r
b 

fl 0

In prac tice two kinds of oblique sounding data can be obtained : backscatter

leading edge and obl ique ionogram . For a thorough review on the nature of

these da ta , the reader is referred to Davies [19651. We discuss both of these

cases for our purpose in the following .

(i) Backscatter leading edge.

The backscattered leading edge has a minimum time delay. In this case

= 0 and the variation in group path is caused entirely by variat ions in

the refractive index. The variation in n can be related to the variation in

N by “sing (3). Substituting (3) and (1) in (4) yields

r
r t

6 P = J  K~x d r  (5)

where

~SN/N (6)

and

= krN/f 2(l — kN / f 2) [ ( l  — kN / f 2)r 2 — r~ cos
2 
~~~~~ . (7)

The kernel K~ can be comp ut ed from the model ionosphere and is therefore known .

We note in (5) that 6P is a linear functional of ~SN.

3 
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(ii )  Oblique ionogram

The oblique ionogram g ives the gr oup pat h of ionosp her ical l y ref l e ct ed

signals as a f unc ti on of f req uency f or a f i x ed ground distance D. The ground

dis tance is

D = 2r~ cos 
~o 

dr 
+ 
j

r
t 

- 
dr 

. (8)

L r0 r/r2 - r~ cos 2 

~~ 

rb r~~c2 - r~ cos 2 
~~

As the ionization profile is varied by 5N , the initial elevation angle of the

ray must also be varied by S4~ in order to keep D fixed . Take the variation

of (8) and set it to zero to produce

2 b —kr~N dr
= 
[2r0 

cos 
~~ J 2n 2f2r2(n 2r2 — r~ cos2 q 0) 1~’2J

/ 
~~~~~~~ 

. (9)

Inserting (9) in (4), the var iation in group pa th of an obl ique ionogr am is

found to be

r ~-1
f t

5 P J  K~x d r  (10)
r
b V .

where the known kernel is

= K~[1 
- (r~ cos yr2)(~ P/ 0

) / (~ D/~~ 0~~ . (11)

Compari ng (5) and (10) , one no tes tha t for bo th kinds of obl ique data ,

the v a r i a t i o n  in gro up pa th is given by

r
f t

6P ( f )  = J K ’ ( r , f ,q 0) x ( r )  dr  ( 12) V

rb

where for backseatter leading edges K’ = ~~~ and for oblique ionograms K’ = K~ .

4
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The kernel K’ is referred to as the Frechet kernel [Backus and Gilbert , 1967;

Green , 1975] because 6P is obtained by taking the Frechet differential of (2).

Our objective is to obtain the optimum x in some sense. We do this by

following the Backus—Gilbert approach in the following section .

3. OPTthIZATION

Suppose the oblique sound ing data have been measured experimentall y at M

frequencies f., i = 1,2,... ,M. The corresponding group paths are

I = 1,2,.. .,M. For the purpose of obtaining the ionization profile N (r) that

prod uces these experimen tal da ta , we make use of our knowled ge based on past

exper ience to construct a zeroth—order approximation to the true ionization

profile. This approximate profile is then used to compute N group paths P
1,

for M frequencies ~~ and N in itial eleva t ion ang les ‘
~~~~~~

-
~ 

The depar ture of

the comp uted group pa th 
~~~ 

from the exper imen tally measured gro up pa th 
~mi

is y1, i .e. ,  
~~~ 

= 

~ci 
— 

~mi Then accordi ng to (12),

r

y1(f 1
) = 

j  
K~ (r~ f.~~1 1

)x ( r )  dr i = 1,2,... ,M (13)
rb

where r is the peak heigh t  of the Ionosphere. The Frechet  kernel K~ is g iven

by

1Ki~
, f i,+ oi ) tb 

< r <

Kj(r ,fj,$ i
) =

~~ 
, (14)

r~ j < r

for baekscatter leading edges , and , for oblique ionograms,

J

t
K~~(r~~f 1,~~~j ) r

b ~~ r ~ r~ j
(15)

r
~ j~~~

r

5 

-.5 -- --.5’—-- .5—---- .5 
~~~~~~ VV ~~~~ V~~.5V~~_ - - ‘-.5 



- —  - —-- . 5 -’— - . - —- --’-- -— - - - ---- - -- - - --- ----- -—- - -- -  -----~~•— -—- --- -

256

where r
~ j  is the geocentric distance of reflection for f

1
. In l ater dev& I ’p

ment K
1 

wil l  be required to be square i nt e g r a b l e .  However , since b e t h  and

have singularities at the point of reflection , K . is obviousl y net sq u a r

integrable . This difficulty can be remedied by integrating (13) by p a r t s

twice , as sugges ted by Johnson and Gilbert (1972], to produce

r

y
~ 

= _H
~

(r
b

)x ( r
b

) — G .(r )x ’(r ) + 

~r 
G .(r)x ” ( r ) d r ( 1 6)

i = 1,2,...

where

x ’ (r) = dx/ dr

x”(r)  = d
2x/dr 2

H~ (r) = K .(r ’,f
~~
,
~~~

.) dr ’

G1
(r) = H

1
(r ’ dr ’ . (17)

rb

Now our original nonlinear inversion problem is reduced to the linear

problem of (16) in which we have N da ta  points to determine x”(r). In general ,

the solution to (16) is nonunique. Among this infinite number of solutions is

a particular one for which

~ 
x~ (r~ ) + x ’2 ( r )  + J: 

[x”(r) 1
2 
dr) 

= minim um . (18)

This solution , if it exists , is the optimum solution we seek. It is optimum

in the sense that the constraint condition (18) is satisfied and that the

errors in x(rb
) and x ’(r ) are minimized and the profile x(r) Is very smooth

since the square of its cumula t ive  c u r v a t u r e  over the interva l (rb.rP
I Is

minimized . Notice that we have chosen to deal with fractional departures of

6
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elec tron density here as x is def ined by (6). But it is possible to introduce

any other reasonable weighting function on 6N if so desired by modify ing the

definition of the Frechet kernel as done by Green [19751. Such weighting may

be desirable in cases where parts of data are known a priori more accurately

than others , and hence deserve more weight.

The optimum solution can be found easily by introducing Lagrange multi-

pl iers v~ . Carry ing out the process of minimization , the solutions are found

to b e  

N
x”(r) = ~ v .G .(r) (l9a)

1=1 
1 1

N
x ’(r ) — 

~~ vG .(r ) (19b)
i=l

M
x(r

b
) — 

~ 
. (l9c) V

i=l

Inser tion of (19) in to  (16) yields

M 
r

= 

~~~ 

v .[Hi ( r b )H . ( r b ) + G.(r )G.(r ) + J G~ ( r )G .(r) 
dri 

. (20)

Equation (20) can be put in a very compact form if the following vector nota-

tions are used . Let the column vectors be

~~~~
= 

“M ~MJ 

(21)

and the sy~~ e t ric  M x M matrix A [A
1~~
] have an i j th  e lement

7
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r
= H

I
(r
b

)H
J

(r
b

) + G
1
(r )G.(r ) + G . ( r ) C . ( r )  dr . (22 )

Then (20) becomes simply

-. +
y,. Av . (23)

For Independent data , det A ~ 0, and (23) can be inverted to give ~~. Knowing

~ , (l9a) reduces to

x”(r)  = (A~~~ )~~(r) (24)

where ~ (r) is a column vector whose i th element is G .(r ) .  Equation (24), to-

gether with the boundary conditions (l9b) and (l9c), enab les us to compute

x( r )  by integrating (24) twice. Once x(r) = SN/N is determined , the desire-J

correction ~N to the zeroth—order model N(r) is known . Computations can then

be star ted anew b y using the new model , N ( r )  + ~N (r ) , to produce e v e n t u a ll  a

second correction. Thus an iteration procedure is established. By repeated

iteration , a final optimum solution can be achieved . At each step we may

check the value

x
2 (r

b
) + x ’2(r) + Ex ” r ]

2 dr ~
T
A~ (25)

When this value is less than a certain specified small value , the iteration

procedure may be terminated . The final profile N(r) will be the desired opti—

mum electron density profile for the set of data 
~mi ’ 

~ l,2, . . ., H .

4. VERTICAL INCIDENCE

As mentioned earlier , the vertical ionogram can be inverted exactly if

the ionization profile increases monotonica lly with height. However , for the

sake of completeness , we will also work out our scheme for this particular

8
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case. Since the vertical incidence case is easier to manage analyticall y, .-i

numer ical exa mp le will be given in the next section to illustrate’ the compu-

tational proced ures involved .

For vertical incidence the initial elevation ang le 
~~ 

is 90°. The once—

integrated Frechet kernel H.(r) no longer exists at r = r
~~

. since the singularity

of K~ at r
t

. as given by (7) is now of higher order. Close attention must be

paid in order not to allow singularities to get out of hand . This can be done

by a slight modification. Taking the Frechet differential of (2) as before ,

except for the vertical incidence case , ds is rep laced by dr and one obtains

r
I t

y = 5P = J K ( r ) x ( r )  d r (26)
r
b

with

x ( r )  = 6n/(n + ón) (27)

K(r) = —2/n (28)

Now (26) is identical in form to (13). An identical procedure can be followed

by first integrating by parts twice and setting up the minimization process

similar to that given in the last section to obtain x. After knowing x(r),

(27) and (3) can be used to find the perturbed ionization profile required

throug h

~N(r) = (1 - kN/f
2
)[l - (1 - x)

2 ]f 2/k . (29)

If one wants , a new model N(r) + SN(r) can be used to replace the initial

model N(r),and the computations are repeated . Thus an iteration procedure is

established as before . This iteration can be terminated when the error is

smaller than some specified value .

5. AN EXANPLE

For purposes of i l l u s t r a t i o n , we shall assume a parabol ic layer

9
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N ( z) = N I l  — (z — Y) 2
1Y

2
J 0 < z < 2Y (30)

as the true ionization profile. For simp licity the vertical coordinate z

star ’ s at the bottom of the ionosphere and the ionosphere has 1 semithickness V .

In this case the measured group path (equal to twice the group hei ght) is

= ‘
~~~“~ c~ 

in[(f + f)/(f — f)] (31)

where f is the critical frequency.

Suppose as an initial guess of the profile we assume a linear profile

Ni (z )  = az 0 < z (32)

A signal of f r e q uency f incident vertically is reflected at a height z = f
2/ka .

Its corresponding group path is

P = 4 z  . (33)
c t

The Frechet kernel (28) becomes, for this initial profile ,

K(z) = -2 1(1  - z/z )~~~
2 

. (34 )

The corresponding once—integrated and twice—integrated Frechet kernels can be

compu ted eas i l y as

H(z )  = K ( z )  dz = 4z
~

(l - z/ z
~
)
~~~

2 (35)

and

G’z) = J H ( z )  dz = _ (8z
2
/3)[(l - z / z  ) 3/2 - 1] . (36)

With  ( 36) s u b s t i t u t e d  in to  (19a) ,  we ob t a in  the s o l u t i o n  x ” ( z ) . I n t e g r a t e  the

resulting expression twice , constrained by the boundary cond iti ons (19b) and

(19c), and we obtain

10
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2 2

x(z ) = _v (8z~ /3)[~~~ (1 
- 

~ 7/2  
- + (z~ ~ l ) z  + - .(37)

The Lagrange multip lier v in (37) is computed from

v A 1y (38)

where y = P — 1’m is the d i f f e r e n c e  of t i me delay in a l inear model p r o f i l e

(32) f rom that in a true parabolic profile (30) at frequency f, and A is com-

puted f ro m the expression

A = l6z~ + ( 64 / 9 ) z 4 
+ ( l 6 / 5 ) z 5 (39)

by using formula  (22) .  Af ter knowing x(z), it is then inserted in (29) to

produce %5N(z). Computations can be repeated anew by using N(z) ÷ ~SN(z) as the

model profile , except now the corrected model profile is not necessar i ly

linear so that a numerical scheme may have to be developed. One possibility

is to use a piecewise linear model.

Let us now adopt some numerical values. We take , for the true (parabolic)

profile Y = 100 km, N = 1012 el/rn3. Then at a frequency f = 8.693 MHz, we

obtain from (31) p a 400 km. For the model ( l inear)  p ro f i l e , we take

a = 1.25 x io
lO el/m 3/km , which gives F’~ 300 km at the same frequency.

This gives an error in group path of y = P — 1’
m 

= —100 km. Su b s t i t u t e  these

numerical values in (37) to obtain x(z) which , when inser ted in (29), gives

us the perturbed 6N(z) required to reduce the error. The results are shown

graphically in Figure 1. It is seen that by using data  onl y at one frequency,

the once—iterated profile N~ + ~5N approaches  the  t r ue  p r o f i l e  N reasonabl y

fast.
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6. CONCLUSION

We have out l ined in this paper a method whereb y ionosp her ic profiles can

be deduced from obli que sounding data. The method starts by assuming a

guessed zeroth—order profile based on our past experience and the accumulated

knowled ge about the ionosphere. An iterative scheme has been worked out to

enable us to improve the computed profiles until the errors are smaller than

some specified value . As an illustration the method is app lied to the verti-

cal incidence case , which shows reasonably fast convergence . Encouraged by

this success , we would like to suggest tha t more extensive numerical compu-

tations be carried out.
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FIGURE CAPTION

Figure 1. Illustrating convergence of the iterative procedure. The parabolic
profile N is assumed to be the real profile. The linear profile

is the~ initIal guess . The one—iterated profile is N~ + 6N.
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